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Abstract
We investigated origin of Low-Ionization Emission-line Regions (LINERs) in early-type galax-
ies (ETGs) in this thesis. While LINERs have been often considered as a low luminous popu-
lation of active galactic nuclei (AGN), a photoionization model by of post-AGB stars in ETGs
has been remarkably studied in recent years. Although this model has successfully explained
emission-line properties of LINERs, there have still been left some diculties to be resolved:
the possible contributions of weak UV sources to ionizing spectrum have to be considered
in the photoionization model, and the consistent explanation for dierence between LINERs
and passive quiescent galaxies is required.
For this purpose, we constructed magnitude-limited ETG sample of 36,425 galaxies drawn
from the Sloan Digital Sky Survey (SDSS) Data Release 7 (DR7) in redshift range of 0:05 <
z < 0:1 and magnitude limit of r < 16:8. Then, by cross-matching with the Galaxy Evolution
Explorer (GALEX ) General Release 6 (GR6) catalog we obtained sample of 5,129 ETGs with
GALEX UV photometry. These ETGs were further classied into six emission-line classes,
star forming galaxies, transition region objects, Seyferts, LINERs, semi-active galaxies, and
quiescent galaxies, by applying new classication logics in the emission-line diagnostic dia-
gram. Using this sample, we investigated properties of the optically red LINERs which exhibit
a clump in the diagnostic diagram (\LINER clump").
The main results are as follows: (1) about 54 % of LINERs show near UV excess (NUV
excess) feature from the color-mass and color-color diagrams, (2) LINERs, including the NUV-
excess LINERs, distribute ubiquitously in the FUV  NUV versus NUV  r diagram, i.e., in
the NUV-excess region, the weak UV emission region and the strong UV-upturn region, (3) no
correlation between the NUV excess and emission-line ratios for LINERs in the emission-line
diagnostic diagrams indicates that the NUV excess does not aect the line ratios, at least in
the LINERs, and (4) EW(H) shows weak or no correlation with NUV  r (i.e., NUV excess)
in most of LINERs. Thus, it is also suggested that the NUV excess in LINERs does not aect
the line luminosity either.
These main results are interpreted by the stellar photoionization model below. First,
we tried to explain the NUV excess in LINERs by the stellar population synthesis model
in which we assume dual star formation histories: exponentially-declining ( = 100 Myr)
recent star formation over old stellar system formed by an instantaneous starburst 10 Gyr
before the recent star formation. A model with recent stellar mass fraction of 1% favors
the UV and optical colors of LINERs and well explains results (1) and (2). This model
shows that the NUV excess LINERs are in fading phase of the recent star formation, because
epochs of 3 108 { 7 108 yr after the recent star formation well reproduce the actual color
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distributions of LINERs. According to this model, their NUV and extra UV (EUV) sources
(i.e., photoionization sources) at these epochs are interpreted as AF-type stars and post-AGB
stars, respectively. This interpretation also explains the result (4) well. Furthermore, these
EUV spectra are hard enough to reproduce the emission-line ratios of LINERs.
Second, we further examined the line ratios by photoionization calculation with the synthe-
sized spectra reproducing the UV-optical spectral energy distribution (SED) of LINERs. As a
consequence, it is found that the ionizing source of LINERs is already changed from young hot
stars to post-AGB stars: this transition occurs during the epoch of 3 108  7 108 yr after
the recent star formation. Once this transition completed, the emission-line ratios converge
into the LINER clump in the diagnostic diagrams, and thus photoionization in this epoch is
driven solely by post-AGB stars. This is consistent with the result (3) since post-AGB stars
do not contribute to NUV. We derived the ionization parameter of log10(U)   3:5, hydro-
gen number density of  1:0 . log10(nH=cm 3) . 2:0 and gas phase metallicity of Zgas = Z,
as parameters which reproduce emission-line ratios of the LINER clumps. Among these pa-
rameters, emission-line ratios are most sensitive to the ionization parameter. Therefore, the
ionization parameter should be controlled in narrow range.
For explaining the parameters, we nally constructed the UV irradiation model which
assumes that the post-AGB stars following the density prole in Dehnen (1993) irradiates an
HI gas distributing entire the galaxy. As a result, given the HI fraction to the total stellar mass
from radio surveys and ionizing photon rates from the stellar population synthesis model, this
irradiation model successfully predicts the ionization parameter averaged within the SDSS
ber aperture as log10(U)   3:5 and the density of log10(nH=cm 3)  0.
Consequently, we got a new LINER picture where the LINER activity is a transient
phenomenon which emerges in the end phase of the recent star formation with transition of
NUV and EUV sources. It is still unclear how long LINER activity continues. Dissipation of
gas may be a key for this problem.
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Chapter 1
Introduction
In this chapter, we introduce the population Low-Ionization Emission-Line Region (LINER)
and give motivations in this thesis. We will describe a general introduction to LINERs in
Section 1.1, the context of low-luminosity active galactic nuclei (LL-AGN) in Section 1.2, the
context of photoionization from post asymptotic giant branch (post-AGB) star in Section 1.3,
the context of weak UV sources in early-type galaxies (ETGs) in Section 1.4 and nally the
scientic motivations in this thesis in Section 1.5.
1.1 The Low-Ionization Nuclear Emission-line Region
A population of low-ionization nuclear emission-line regions (LINERs) was discovered by
T. M. Heckman in 1980 (Hechman 1980c) and has been studied extensively by many re-
searchers since then. In his original work, he noted following characteristics of LINERs: (1)
The spectra are dominated by emission lines arising from low-ionization state. Particularly,
the emission lines such as [OII] 3727, [OI] 6300, [NII] 6584 and [SII] 6717+6731 were
noted for prominent lines. On the other hand, the high-ionization emission-lines such as
[OIII] 5007, [NeIII] 3869 and HeII 4686 were noted to be weak. (2) The emission-line
luminosities are modest compared to the Seyfert galaxies. A H luminosity of LINERs was
showed to be around L(H)=1038 1040 erg s 1, which was comparable to the HII class (star
forming) galaxies. By contrast, the Seyfert galaxies showed a high H luminosity around
L(H)=1041   1043 erg s 1. (3) The LINERs are very common. About one-third of his
sample was composed of LINERs. (4) The emission-line width are comparable to those in
the narrow line region (NLR) in Seyfert galaxies. The median FWHM of LINERs was showed
to be  480 km s 1 in his sample. (5) There is no evidence for a featureless, blue component
in the optical continuum. In other words, the AGN continuum was not found in LINER
spectra. And, (6) The Balmer decrement (H/H ratio) may be unusual in many LINERs.
The H/H ratio of LINERs exhibited much larger than the Case B recombination value of
2.86 (Osterbrock 1974). He argued its anomaly was not caused by large amount of interstellar
reddening because other line ratios did not suggest reddening.
After the discovery, with establishment of emission-line diagnostic methods (e.g., Bald-
win et al. 1981; Veilleux & Osterbrock 1987) and progress in the active galactic nuclei (AGN)
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studies (Lawrence 1987; Antonucci 1993; Urry & Padovani 1995), the understanding to LIN-
ERs has also been developed. For classifying LINER-class galaxies it has been popular to
use the diagnostic diagrams (Kewley et al. 2001; Kaumann et al. 2003c; Kewley et al. 2006;
Schawinski et al. 2007a), so called the BPT diagrams or the VO diagrams named after pio-
neering works by Baldwin et al. (1981) and Veilleux & Osterbrock (1987), respectively. In this
thesis we use a term of \the BPT diagrams'; or \the VO diagrams' as a set of three panels of
[OIII] 5007/H   [NII] 6584/H, [OIII] 5007/H   [SII] 6717+6731/H, and [OIII]
5007/H   [OI] 6300/H. LINER-class galaxies are dened in these diagrams with a low
[OIII]/H ratio and high [NII]/H or [SII]/H or [OI]/H ratio.
As Heckman 1980c noted, the LINER population makes up a signicant fraction of galaxy
population. Actually, some subsequent works also reported that (1) LINERs make up about
30 40 % of early-type galaxies (E, S0 and Sa galaxies) in the Palomar survey (Ho 2008), and
(2) LINERs and weak-line galaxies make up about 30   40 % of the Red-Sequence galaxies
in the Sloan Digital Sky Survey (SDSS, Yan et al. 2006). Although the LINER population
holds a key to understand such galaxies, the diagnostics for its low-ionization nebular is not
easy, because its ionizing origin includes a wide variety of physical mechanisms. Possible
origins of emission lines in LINERs are explained by the following models (for a review, see
Filippenko 2003 and Ho 2008): photoionization by AGN continuum (Groves et al. 2004a,
2004b), photoionization from post-AGB stars (Binette et al. 1994; Taniguchi et al. 2000;
Cid Fernandes et al. 2011), photoionization and shock ionization by fast shocks (Dopita &
Sutherland 1995, 1996; Allen et al. 2008), and some physical mechanisms related to the hot
intra-cluster medium (ICM) (Voit & Donahue 1990; Donahue & Voit 1991; Voit et al. 1994;
McDonald et al. 2012). Therefore, the LINER population has a substantial impact onto
physical phenomena in early-type galaxies and/or passive galaxies.
1.2 LINER Population as Low-Luminosity AGN
Over the last decade, it has revealed from the SDSS studies that there are two kinds of
bimodalities in properties of galaxies. One of them is clearly seen in galaxy colors (Strat-
eva et al. 2001; Shimasaku et al. 2001; Kaumann et al. 2003a, 2003b). In particular, the
well known sequences in some color-mass diagrams are called \the red sequence" and \blue
sequence" (or \blue cloud", Baldry et al. 2004). The blue cloud galaxies include actively star
forming and disk-dominated late-type galaxies. On the other hand, the red sequence galaxies
include passive and bulge-dominated early-type galaxies. In addition, the subsequent ultravi-
olet (UV) observations from the Galaxy Evolution Explorer (GALEX ) satellite revealed that
there are also important galaxies in the intermediate color-mass region (so-called the green
valley) in which galaxies seem to less populate (Wyder et al. 2007; Schiminovich et al. 2007;
Martin et al. 2007). These galaxies are thought to be weakly star forming galaxies or in
transitional phase (transitional galaxies). This kind of bimodality in host stellar population
has been recognized as one aspect of a galaxy evolutional history.
The other bimodality can be seen in emission-line properties. A large number of SDSS
emission-line galaxies enabled researchers to investigate a global trend in the BPT diagrams.
As a result, a distinctive distribution like a seagull shape was found in the [OIII]/H  
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[NII]/H panel. In other wards, star forming galaxies with ionization sources of OB-type
stars and/or Wolf-layet stars made up the left wing of its distribution and some emission-
line galaxies with harder ionization sources such as AGN made up the other wing (Kau-
mann et al. 2003c). Furthermore, the [OIII]/H   [SII]/H and [OIII]/H   [OI]/H panels
additionally revealed that the right wing shows high-excitation and low-excitation branches
(Kewley et al. 2006). This distinction in the right wing galaxies was reected to the emission-
line diagnostic scheme in a form of a dividing line between Seyferts (i.e., high-excitation
galaxies) and LINERs (i.e., low-excitation galaxies). In this thesis we call this distinction in
the BPT diagrams between Syeferts and LINERs as \excitation bimodality". Based on this
classication, other emission-line properties related to the excitation bimodality have been
also investigated. While Seyferts have a typical [OIII] 5007 luminosity of L([OIII])& 107L,
a typical [OIII] 5007 luminosity of LINERs is L([OIII]) 106   107L. Therefore, the exci-
tation bimodality seems to relate with AGN activities: LINER might be a low-luminous class
of AGN population.
The relation between these bimodalities in galaxies is very important for understanding
physics (and physical properties) that drive the galaxy formation and evolution. Many eorts
has been paid for that, and, as a result, it was revealed that Seyferts distributes mainly in
the green valley and LINERs are populated in the red sequence (Kaumann et al. 2003c;
Kewley et al. 2006). In other words, there are some causal relations between AGN activity
and its host stellar population. Focusing on LINERs particularly, LINERs are recognized as a
low-luminous AGN (LL-AGN) activities in early-type galaxies and/or red sequence galaxies.
When we discuss LINERs from the context of LL-AGN population, we would like to refer
to the achievement of LL-AGN picture which was proposed in the last decade (for a review see
Heckman 2009, Fabian 2012). In massive elliptical galaxies that keep plenty of hot interstellar
medium or surrounded by huge ICM (hereafter, hot gas), its central AGN seems to be fueled
by the hot gas in its host galaxy (hot gas accretion). Although these AGNs usually exhibit
only weak radiative activities, LL-AGNs in massive ellipticals, in turn, an eject relativistic
jet more frequently than AGNs in less-massive ones. Therefore, mechanical energy of the
jet in the LL-AGNs is fed back into the surrounding hot gas through expansion of radio
lobes which form working surfaces (AGN jet feedback). This was suggested by the energy
budget argument between the jet mechanical energy estimated in some ways such as the pV
energy and the hot gas accretion energy estimated from the Bondi accretion (Allen et al. 2006;
Balmaverde et al. 2008; Hardcastle et al. 2007, 2009). This was also revealed in the statistical
way using the radio luminosity function which is calculated from a radio-loud fraction and
1.4 GHz luminosity (Best et al. 2005a, 2005b). The radio luminosity function was combined
into the empirical relations which transforms a 1.4 GHz luminosity to a jet mechanical energy
for calculating the time-averaged heating rate from recurrent jet activities (Best et al. 2006,
2007). As a result, it was showed that this heating rate is comparable to the cooling rate
of the hot gas. Given the Magorrian relation that the mass of SMBH tightly correlates to
the mass of its host spheroidal component (Magorrian et al. 1998; Tremaine et al. 2002;
Gultekin et al. 2009; Kormendy & Ho 2013), massive ellipticals will harbor a massive SMBH.
Therefore, in the context of LL-AGN picture in the Universe at z . 1, the LINER activity
has an important role to conne the physical processes that aect the host galaxies and its
super massive backholes (SMBHs) in a last phase of the co-evolution.
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Although the LL-AGN picture has already been proposed for massive elliptical galaxies,
the LINER activity has also been found in rather less-massive early-type galaxies in the red
sequence. For such early-type galaxies, another model has been proposed from the aspect of
host stellar population and its AGN activity (Schawinski et al. 2007a). In other word, they
aimed to reveal an observational signature of AGN feedback for quenching or suppressing
a star formation activity in early-type galaxies (Croton et al. 2006; Bower et al. 2006 and
others). They constructed morphologically selected early-type galaxy sample using morpho-
logical parameters such as fracDeV which quanties a surface brightness prole of galaxies. By
applying the emission-line diagnostics with the BPT diagrams, this early-type galaxy sample
further classied into the star forming (SF), transition region object (TRO), Seyfert, LINER
and quiescent galaxies. The ionization source(s) of each emission-line classes was interpreted
as young hot stars 1, a mixture of young hot stars and AGN, high-luminosity AGN, LL-AGN,
and no ionization sources, respectively. Through their inspection on the u r color versus stel-
lar velocity dispersion diagram, the aforementioned trend in two kinds of bimodalities turned
out to be the case also for their early-type galaxies. Specically, SFs and TROs distributed
in the blue cloud, TROs and Seyferts were found mainly in the green valley, and LINERs and
quiescent galaxies populated in the red sequence. This result was interpreted as a signature of
residual/recent star formation by assuming the dual star formation history in which galaxies
are supposed to experience an original vigorous starburst and a recent exponentially-declining
star formation. Based on their parametric approach, they argued the evolutionally sequence
(\SF-AGN sequence") that the ionization sources sequentially transit from young stars to
quiescents via AGN along with an elapsed time from the recent star formation. They nally
argued that the AGN radiative feedback quenched the recent star formation given that the
color transition of host galaxy and Seyfert activity occurred at nearly the same time. In this
argument, LINERs can contribute to unveil the interplay between AGN and its host galaxy.
1.3 LINER Population as Retired Galaxy
As noted in Section 1.1, the ionization models of LINERs are not conned to the AGN
photoionization. In recent years, the LINERs in the SDSS emission-line galaxies have been
revisited from the context of the post-AGB star model (Stasinska et al. 2008; Cid Fernan-
des et al. 2011). This model is especially attractive given that LINERs and weak-line galaxies
2 are preferentially found in the red sequence galaxies. In addition, this model is also a likely
candidate to the extended ionized nebulae seen in some nearby early-type galaxies. Recently,
for example, the Spectrographic Areal Unit for Research on Optical Nebulae (SAURON)
survey and the Calar Alto Legacy Integral Field Area (CALIFA) survey reported that these
nebulae extend across the galaxy scale by utilizing their spacial information (Sarzi et al. 2010;
Singh et al. 2013). By interpretation of this extended gas, the ionization source is also required
to distribute across the galaxy scale. In this point, the spacial distribution of post-AGB star
is likely to be satisfying this requirement.
1This means the OB-type stars and Wolf-layet star.
2We refer the weak emission-line galaxies without satisfying the S=N criteria for the emission-line diagnostics
using the BPT diagrams as \weak-line galaxy".
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Cid Fernandes et al. (2011) investigated this post-AGB star picture further. They pro-
posed a new diagnostic scheme for weak-line galaxies, which employs the [NII]/H vs. EW(H)
diagram (WHAN diagram). Using the WHAN diagram, we can see whether the H equivalent
width of galaxy is explained solely by post-AGB star or not. In their study, the photoion-
ization region from post-AGB star was mainly dened by the threshold of EW(H)< 3 A.
The galaxies with satisfying this criterion are classied as the \retired galaxies". If additional
ionization sources are required to explain its EW(H), such sources are diagnosed by the
[NII]/H ratio and classied into the SF or AGN 3. This scheme made a signicant contribu-
tion to a diagnostics for large number of weak-line galaxies and revealed that many LINERs
and weak-line galaxies are classied into retired galaxies. In addition, these LINERs and
weak-line galaxies exhibited a similar distribution in the WHAN diagram. From their investi-
gation, the retired galaxies are expected to be passive galaxies in the red sequence. Given the
object counts, the retired galaxies turned out to be accounting for about 30 % of their SDSS
galaxy sample. Therefore, limiting to the red sequence galaxies, one expects its fraction to
become larger. If the ionization source of LINERs are completely explained by this model,
the existence of AGN activity, at least as a photoionization source, is not required any more.
Thus, the aforementioned LL-AGN picture and the SF-AGN sequence will not hold neither.
In this sense, it is indispensable for us to understand the origin of LINERs in order to unveil
the physics that operate in a passive galaxies.
There are two problems to be solved for this model. First, the model cannot explain the
dierence between LINERs and passive quiescent galaxies. LINER-like emission-line activity
should be commonly observed in red sequence galaxies which have many old evolved stars.
However, more than half of red sequence galaxies do not exhibit emission-line activity. If pho-
toionization by post-AGB stars is correct, another key parameter which drives emission-line
activity in red sequence galaxies is required. The second problem is that spectral information
in UV are not examined for LINERs. In the pioneering works of post-AGB star models (e.g.,
Binette et al 1994; Taniguchi et al 2000), ionizing radiation in extra-UV (EUV) region is
estimated only by a stellar population synthesis model. Actual spectral energy distribution
(SED) of host galaxies is not considered in their models. On the other hand, Cid Fernan-
des et al. (2011 developed the model to use only stellar population synthesis spectra which t
well actual optical spectra of galaxies. Therefore, although optical SED of galaxies is already
taken into account, UV SED of galaxies is not yet examined. Since low-mass main-sequence
stars dominate in optical spectra, additional UV source cannot be detected in the optical
region if exist. UV observation is necessary for testing whether stellar population synthesis
spectra are reliable or not.
1.4 Weak UV Sources in Early-Type Galaxies
Many UV observations using GALEX for unveiling weak UV source in galaxies have been
made. Especially for early-type galaxies NUV excess and UV-upturn are reported 4. NUV
excess in early-type galaxies are explained by UV contribution of AF-type stars which were
3The AGN is further classied into the strong AGN (sAGN) or weak AGN (wAGN) by the EW(H)= 6 A.
4We will use a term \UV excess" for referring to both of NUV excess and UV-upturn.
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formed by recent ( 1 Gyr) weak star formation (Yi et al. 2005; Schawinski et al. 2007a;
Yi et al. 2011). Further, weak star forming regions extending to the galaxy scale were dis-
covered in some early-type galaxies (Salim et al. 2010, 2012). These galaxies are called the
extended star forming early-type galaxies (ESF-ETGs). Colors of the blue disk region are also
consistent with star formation within  1 Gyr (Fang et al. 2012). Origin of the UV-upturn
is enthusiastically discussed recently. One of the possible origins is UV radiation from hot
old stellar population (T = 20000   30000 K) such as extended horizontal branch (EHB)
stars, AGB-Manques, post early AGB (PE-AGBs) stars (Chung et al. 2011; for a review, see
O'Connell 1999, Yi 2008). We would like to emphasize that UV-excess has been studied only
for early-type galaxies. UV-excess of LINERs is not yet investigated.
Relation between star forming activity traced by UV color and AGN activity traced by
emission-line properties is one of the most interesting topics. Kaumann et al. (2007) in-
vestigated the \bulge-dominated" galaxies dened by log10(M?) > 10:4, log10(?) > 2:05
and modelMag r < 16:5 mag for nding such relation. They found that a part of bulge-
dominated galaxies with extended young stellar population inferred by UV images have also
bulges with young stellar population associated with active AGNs. Therefore, the gas asso-
ciated with young stellar population may contribute to the AGN fueling. Note that Kau-
mann et al. (2007) assumed that NUV   r color only traces the global star formation and
ignored AGN contribution to NUV ux. Therefore, they did not report any detection of AGN
contribution through NUV   r color. In addition, their AGNs include both of Seyferts and
LINERs since they did not classied Seyferts and LINERs. It is an important point to be
examined whether LINERs also have blue NUV   r color like AGN sample or not.
1.5 Scientic Motivations and Goals
In this thesis, we will examine UV and emission-line properties of LINERs in early-type
galaxies in the context of the post-AGB star model. For this purpose, we will construct
sample of morphologically selected early-type galaxies from SDSS galaxies and match with
GALEX data. Then, we will make reliable ETG LINER sample by emission-line diagnostics
and investigate optical photometric properties and emission-line properties of ETG LINERs.
With GALEX UV data, we will examine weak UV sources in LINERs, with paying attention
to NUV excess, UV-upturn, and AGN continuum contribution. If such weak UV sources in
LINERs exist, we will try to nd their origin and make stellar population synthesis models
explaining UV-optical SED of ETG LINERs. These SED models will be also tested for
observed emission-line ratios of LINERs by photoionization calculations. We will also study
whether UV properties of LINERs in optical red sequence are dierent from those of passive
quiescent galaxies, or not, to resolve a problem that the post-AGB star model cannot explain
their similar optical SEDs.
Chapter 2
Sample Selection and Emission-Line
Classication
In this chapter we will explain how sample of early type galaxies for this thesis was con-
structed.
2.1 Optical Photometric and Spectroscopic Data from SDSS
DR7 and MPA-JHU
We selected extragalactic objects from the Sloan Digital Sky Survey (SDSS) Data Release
7 (DR7) database (Abazajian et al. 2009). The SDSS database consists of the photometric
catalog and the spectroscopic catalog. Since we need optical spectroscopic information for
each galaxy, rst we select all the spectroscopic data marked as \specPrimary" from the
spectroscopic catalog. Note that the specPrimary spectra contain no object duplication and
are considered good enough for science ensuring the best S/N spectrum.
Each specPrimary spectrum is matched to one and only photometric data in the photom-
etry catalog through the object ID (objID) in \bestObjID" parameter of the spectroscopic
catalog. Therefore, we select all the photometric data of which objID is found in the bestO-
bjID parameter of the specPrimary spectra. Almost all the photometric data derived are the
best S/N photometry and primary objects denoting the best observation of an object with
multiple observation.
Excluding non-extragalactic objects, we select objects with the specClass parameter in
the spectroscopic catalog is GALAXY or QSO or HIZ QSO. According to the criterion for
selecting spectroscopic targets of SDSS, the remained objects are galaxies with r(Petrosian)
< 17:77 mag or QSOs with with i < 19:1 mag, or QSOs likely at z > 2:3 with with i < 20:2
mag.
Adding to the original SDSS data, we also used the MPA-JHU DR7 catalog1 which was
produced by a collaboration of researchers from Max Planck Institute for Astronomy (MPA)
and from John Hopkins University (JHU). This catalog consists of the data set of repro-
1http://www.mpa-garching.mpg.de/SDSS/DR7/
7
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cessed SDSS DR7 spectroscopic data, and galaxy physical properties that are based on the
spectroscopic data. The MPA-JHU group carefully t the stellar continuum and analyzed
emission-line spectrum after stellar continuum subtraction (see, Kaumann et al. 2003a, and
Salim et al. 2007). Therefore, the catalog provides reliable emission-line properties. The
MPA-JHU data set is separated into two main groups, raw data and derived data. Raw data
are some direct observables which were derived from raw spectroscopic data such as redshifts,
emission-line uxes, absorption indices, and forth. On the other hand, derived data are some
physical quantities which were estimated from the raw data and some empirical relations, for
example, stellar mass and star formation rate. Instead of adopting the original spectroscopic
properties in the SDSS spectroscopic catalog, we use raw spectroscopic data and derived data
in the MPA-JHU catalog.
To assure reliable results the MPA-JHU group selected objects at z < 0:7. Further, the
sample object must satisfy at least one of the following criteria; 1) both the target-type and
the spectro-type in the SDSS catalog are GALAXY, and the median spectral S/N per pixel
is larger than 0, 2) the spectro-type is GALAXY, and the median spectral S/N per pixel
is larger than 2, and 3) the target-type is GALAXY, the spectro-type is QSO, the median
spectral S/N per pixel is larger than 2, and spectrum shows type 2 AGN characteristics.
Adding to these criteria, we also adopt the following all criteria; 1) lower limit of redshift
z > 0:05 to avoid incomplete SDSS spectroscopy (Schawinski et al. 2007a; Stoughton et al. 2002;
Strauss et al. 2002); 2) \Z WARNING" ag in the MPA-JHU catalog is zero to exclude ob-
jects with uncertain redshifts; 3) median spectral S/N per pix is larger than 10 in order of
more strict quality requirements for spectral parameters. Finally matching the MPA-JHU
catalog to the photometric data already we have selected, we obtained data set of the SDSS
galaxy sample for this study.
2.2 Early-Type Galaxy Selection
Schawinski et al. (2007a, Sc07) created an unbiased sample of early-type galaxies by only
morphological selection without any assumptions on color or spectral energy distribution
(SED). With careful visual inspection, Sc07 conrmed that their selection is very reliable
with low contamination fraction of  15% and low false rejection fraction of  10% when the
sample is limited to r < 16:8 mag and z < 0:1. We adopt this limits for our SDSS galaxy
sample. Note that we use \modelMag r" in the SDSS photometry catalog for r and that
redshifts are taken from the MPA-JHU catalog.
Following Sc07's procedure, we use the \fracDeV" parameter in the SDSS photometry
catalog, which is a fractional parameter that measures the amount of ux contributed by
tting a galaxy image to a de Vaucouleurs surface brightness prole. We select early-type
galaxies with fracDeV > 0:95 in all of g, r, and i bands, and then obtained SDSS ETG
sample (hereafter, SDSS ETG parent sample).
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2.3 Matching to the GALEX GR 6 Data
We used ultraviolet photometric data of the Galaxy Evolution Explorer (GALEX; Mar-
tin et al. 2005) General Release 6 (GR6)2 available at Multi-Mission (MIKLUSKI) Archive
for Space Telescope (MAST). Details of GALEX telescope, detectors, and data products are
presented in Morrissey et al. (2005, 2007). Among ve imaging surveys conducted by GALEX,
medium imaging survey (MIS) was designed to image regions of the sky covered by SDSS,
thus we use the MIS data.
GALEX has two imaging bands3, far-UV (FUV) band with the eective wavelength of
1528 A and near-UV (NUV) band with the eective wavelength of 2271 A. A database table
of photoobjall in the GALEX GR6 data set lists all detected objects either in NUV or
in FUV and photometric properties with a Kron aperture (radius = 2:5RKron) by GALEX
photometry pipeline4. Limiting magnitudes (5) are NUV = 22:7 and FUV = 22:6 mag (AB
system) for the typical exposure time (1500 s) of MIS (Morrissey et al. 2007). A photometric
object in FUV with a ux S=N greater than 2 is merged with an corresponding photometric
object in NUV with a ux S=N greater than 2 when the separation of their detected positions
is less than 300.
We select all the objects with ux S=N > 2 at least in either band from the photoobjall
table. Duplicated objects due to multiple observation are removed by checking \primary ag"
value. We only use primary ag=1 which remarks a photometry observed at a minimum
distance from the center of the eld-of-view among the dierent photometric observations for
an identical object.
For matching photometric objects between SDSS and GALEX we use a table of xSDSSDR7
which lists SDSS photometric objects within 500 around each GALEX object, and GALEX
objects within 500 around each SDSS object. This table contains object duplication both for
SDSS and GALEX. The SDSS duplicated objects are removed by picking up SDSS object
IDs which can be found in \bestObjID" parameter of the SDSS specPrimary spectra. The
GALEX duplication is again checked by primary ag=1. We use this processed matching
table for our GALEX matching.
The matching process is following procedure. First, we select galaxies of the SDSS ETG
parent sample observed within 0.55 deg from the center of GALEX eld-of-view with a expo-
sure time of MIS observation longer than 1000 s. We call this sample \GALEX-SDSS ETG
parent sample".
Second, we only keep an SDSS object one-by-one matching with a GALEX object in a
separation less than 500 by using our processed matching table. Note that objects with ux
S=N > 2 in one band and with ux S=N < 2 in the other band are excluded from the
sample. Since band merging between NUV and FUV is not performed, two GALEX objects
exist around one SDSS source for such objects. However fraction of such objects to the
total sample is less than 1%, we just ignore such mis-rejection. Then, we eliminate objects
with a separation between SDSS position and GALEX position larger than 400. Finally, we
check artifact ag in the GALEX table and exclude unreliable UV photometry. The resulting
2http://galex.stsci.edu/GR6/
3http://galexgi.gsfc.nasa.gov/docs/galex
4http://www.galex.caltech.edu/wiki/Main Page
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sample contains the objects which are detected either in NUV with S=N > 2 or in FUV with
S=N > 2. Among them, an object which has NUV ux with S=N > 5 (S=N > 2) is classied
into \x5GN subsample" (\x2GFN subsample"), respectively. Similarly, an object which has
both NUV ux and FUV ux with S=N > 5 (S=N > 2) is classied into \x5GFN subsample"
(\x2GFN subsample"), respectively.
2.4 The Emission-Line Diagnostic Classication
We perform an emission-line diagnostic analysis (Baldwin et al. 1981; Veilleux & Oster-
brock 1987) for classifying emission-line activities. Since the MPA-JHU catalog provides
uxes of major optical emission lines, H, H, [OIII]5007 (hereafter, [OIII]), [NII]6584
(hereafter, [NII]), [SII]6717,6731 (hereafter, [SII]), and [OI]6300 (hereafter, [OI]), we use
three diagnostic diagrams (so called the VO diagrams or the BPT diagrams) which plot
emission-line ux ratio of [OIII]/H against [NII]/H, [SII]/H, and [OI]/H (Veilleux &
Osterbrock 1987).
We set an S=N cut for line ux as S=N > 3 to distinguish emission-line detectability.
First, we select no emission-line galaxies in which all of H, H, [OIII], and [NII] are not
detected and we call them \Quiescent". We classify a galaxy to \Semi-Active" when one or
two or three lines of H, H, [OIII], and [NII] are detected. The rests are \Active" galaxies
with all of H, H, [OIII], and [NII] detected.
The second step is classifying \Active" objects by using the BPT diagrams to starform-
ing (SF), transition region object (TRO) and Seyfert/LINER. On the [OIII]/H-[NII]/H
diagram, we temporarily mark a galaxy as starforming (SF) by the separation curve of Kau-
mann et al. (2003c, Ka03),
log10([OIII]=H) <
0:61
log10([NII]=H)  0:05
+ 1:30 and
log10([NII]=H) < 0:05:
Similarly, adopting the curve of Kewley et al. (2001, Ke01), we mark a galaxy in the region
of
log10([NII]=H) > 0:47 or
log10([OIII]=H) 
0:61
log10([NII]=H)  0:47
+ 1:19 and
log10([NII]=H) < 0:47
as Seyfert/LINER temporarily. An object in the region between SF and Seyfert/LINER is a
temporal TRO. The second step is stopped here if both [SII] and [OI] are undetected.
If [OI] is detected, we re-classify emission-line activity on the [OIII]/H-[OI]/H diagram.
For a galaxy once classied as SF on the [OIII]/H-[NII]/H diagram we re-mark it as TRO
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if it locates in Seyfert/LINER region dened by Ke01,
log10([OI]=H) >  0:59 or
log10([OIII]=H) 
0:73
log10([OI]=H) + 0:59
+ 1:33 and
log10([OI]=H) <  0:59:
A temporal TRO by the [OIII]/H-[NII]/H diagram is similarly re-classed to Seyfert/LINER
if it is in the Seyfert/LINER region by the same criteria.
For an object with [SII] and without [OI], re-classication is performed on the [OIII]/H-
[SII]/H diagram. A temporal SF is re-classied to TRO and a temporal TRO is re-classied
to Seyfert/LINTER if it locates in the Seyfert/LINER region on the [OIII]/H-[SII]/H
diagram by Ke01,
log10([SII]=H) > 0:32 or
log10([OIII]=H) 
0:72
log10([SII]=H)  0:32
+ 1:30 and
log10([SII]=H) < 0:32:
Finally we divide the Seyfert/LINER sample to Seyferts and LINERs. For objects with
[OI] detection, we select LINERs in the [OIII]/H-[OI]/H by a criterion of Kewley et al. (2006,
Ke06),
log10([OIII]=H) < 1:18 log10([OI]=H) + 1:30:
When [SII] is available but [OI] is not detected, we use the [OIII]/H-[SII]/H diagram to
select LINERs by another Ke06's criterion,
log10([OIII]=H) < 1:89 log10([SII]=H) + 0:76:
For an object without [OI] nor [SII] we adopt the LINER denition by Sc07 on the [OIII]/H-
[NII]/H diagram
log10([OIII]=H) < 1:05 log10([NII]=H) + 0:45:
Our classication scheme is basically same as that of Sc07. However, they mentioned
possible contamination of LINERs to TROs. Therefore, we prefer [OI]/H or [SII]/H to
[NII]/H for emission-line classication, because LINERs are well segregated from TROs or
SFs on the [OIII]/H-[OI]/H diagram and the [OIII]/H-[SII]/H diagram.
2.5 Classication results and sample properties
In Table 2.1 we summarize the result of emission-line classication and we show the BPT
diagrams of the SDSS ETG parent sample in Figure 2.1 Comparing the results of Sc07,
LINER fraction of 5.5% in our SDSS parent sample is nearly the same as that of Sc07 (5.7%).
However, the LINER fraction relative to the active objects (i.e., SF, TRO, Seyfert, and
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LINER) is 38.1%. This fraction is larger than that of Sc07 sample (31.1%). On the other
hand, TRO fraction to the active objects in the SDSS parent sample (31.6%) is smaller than
that of Sc07 (36.5%). Since we give priority to [OI]/H and [SII]/H in our classication
scheme, we select more LINERs which would be classied to TRO by Sc07's method.
Semi-active objects in this study would be included in quiescent by the classication
scheme of Sc07. Their emission-line class cannot be identied by the BPT diagrams, but
their activity may be examined by the diagram of H equivalent width versus [NII]/H, so-
called \WHAN diagram" proposed by Cid Fernandes et al. (2011). This diagram is useful to
discuss if semi-active objects host a weak AGN or they are \retired galaxies", galaxies that
have stopped forming stars and are ionized by their hot low-mass evolved stars. In Figure 2.2
we show the WHAN diagram for the SDSS ETG parent sample. Since the semi-active objects
distribute nearly the same region for the LINERs, probably most of semi-active objects would
be classied to LINER if some emission lines (in most cases, [OIII] and H) were detected
with better spectral quality than SDSS spectrum. Note that semi-active objects also may
contain SFs, TROs, and Seyferts also due to worse spectral quality for some emission lines.
We compare emission-line classes among our subsamples in Figure 2.3. The left panel of
Figure 2.3 shows fractions of emission-line classes for the SDSS ETG parent sample and those
for the GALEX-SDSS ETG parent sample are almost same, indicating that selecting galaxies
in the survey eld of GALEX MIS does not change fractions of emission-line classes. Further,
cross-matching between SDSS and GALEX only a little change the sample property as shown
by the GALEX-SDSS ETG x2GN sample in the middle panel. However, fractions of semi-
active and quiescent get smaller in the x5GN sample (the right panel). The FUV detection
also change the fractions of semi-active and quiescent smaller as shown by the x2GFN sample
in the middle panel and by the x5GFN sample in the right panel. It is apparent that GALEX
detection criteria cause a bias to active galaxies and that passive early type galaxies tend to
be excluded from the x5GN sample.
We show observed magnitude errors against observed magnitudes in Figure 2.4 for the
x2GN sample and x2GFN sample. Magnitude errors corresponding 5 ux error and 3 ux
error are shown by horizontal broken lines (0.22 mag and 0.37 mag, respectively). Broken
curves show desired magnitude errors of background noise limit for exposure time of 1000,
1500, and 3000 s. The practical limiting magnitude for 5 detection in NUV looks like  21:5
mag and nearly 1.2 mag shallower than the nominal value (22.7 mag). For active galaxies
(i.e., SF, TRO, Seyfert, and LINER) the x2GFN sample mainly distributes in the region of
ux S=N > 3. Therefore, even an active object in the x2GFN sample has relatively small
magnitude errors in NUV and FUV.
In Figure 2.5 we plot objects of the GALEX-SDSS ETG parent sample in the diagram
of absolute magnitudes of FUV and NUV versus redshifts for each emission-line class. Note
that the redshift criterion of 0:05 < z < 0:10 is not applied in this Figure. Table 2.2 lists
redshift statistics for GALEX-SDSS ETG parent sample (the redshift limit of 0:05 < z < 0:10
is applied). While the median redshift of LINERs in the x2GN sample is a little smaller than
that of all the x2GN sample, those for LINERs and all objects in the x5GN sample are nearly
the same.
For each emission-line class, we show a diagram of r versus NUV   r and a diagram of r
versus FUV   r in Figure 2.6 for the x5GN sample and for the x5GFN sample, respectively.
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Objects without morphological selection (i.e., fracDeV > 0:95 in g, r, and i bands are also
plotted by light blue dots. Note that the selection criterion of r < 16:8 mag is not applied in
Figure 2.6 . The morphological selection for early type galaxies results in eliminating objects
with blue UV-optical colors. The broken lines in Figure 2.6 represent the apparent magnitude
limit of r < 16:8 mag and the corresponding UV-optical color limit with the 5 detection
limits in the GALEX bands assumed. The color limit line well ts to the distribution of the
x5GN sample and shows that objects with NUV   r < 6 mag must be detected in the x5GN
sample.
Figure 2.7 shows the same plots as Figure 2.7 but for the x5GN sample against the x2GN
sample (the left panel), and the x5GFN sample against the x2GFN sample (the right panel)
without the apparent magnitude limit of r < 16:8 mag. The color limits for the 5, 2, and
1 detection in the GALEX bands are shown by broken lines. Moderate detection limit of
2 in NUV can nd red objects up to NUV   r  7. It is notable that stellar population
synthesis models predict NUV   r < 6:5 for passively evolving galaxies with Zstar  Z
and no dust extinction assumed (Kaumann et al. 2007; see also Chapter 4.1 in this thesis).
Therefore, one expects that the x2GN sample has no bias against NUV   r color. We treat
an objects in the x2GN sample and not in the x5GN sample as an object with red UV-optical
color of NUV   r > 6.
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Classication SDSS ETG GALEX-SDSS ETG
parent sample parent sample x2GN sample x5GN sample
Total 36425 8660 7085 5129
Quiescent 18042 4231 3370 1986
Semi-active 13164 3188 2636 2112
LINER 1993 494 409 367
Seyfert 714 191 162 158
Transition region 1651 357 324 322
Star forming 861 199 184 184
Table 2.1: Emission-line classication results.
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Sample Redshift property
Median Full interquartile range
All GALEX-SDSS ETG x2GN 0.076 0.022
LINERs in GALEX-SDSS ETG x2GN 0.072 0.022
All GALEX-SDSS ETG x5GN 0.074 0.022
LINERs in GALEX-SDSS ETG x5GN 0.072 0.021
Table 2.2: Redshift statistics of GALEX-SDSS parent sample.
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Figure 2.2: The WHAN diagram for the SDSS ETG parent sample. The coloring follows the
emission-line classication in this thesis (blue: SF, purple: TRO, green: Seyfert, red: LINER,
orange: Semi-Active). Each error bar with the diagnostic coloring shows a sample-average
error for the emission-line ratios in each class. The average error in all the classes on this
diagram is indicated by black error bar. Note that the semi-actives with satisfying the S/N
criteria of S=N([NII]) > 3 and S=N(H) > 3 are only plotted on this diagram.
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Chapter 3
Results
3.1 Emission-line Properties of GALEX-SDSS ETG LINERs:
Clumps in the BPT diagrams
We have constructed GALEX matched SDSS early-type galaxies (ETG) sample with optical
photometry, GALEX photometry and optical emission-lines measurements available. First,
we investigate emission-line properties of LINERS in the GALEX-SDSS ETG sample and
their relations to photometric properties of the hosts.
In Figure 3.1 we show the BPT diagram for the x5GN sample (i.e., galaxies with NUV ux
S=N  5). It is clearly seen that LINERs (red dots) distribute around log10([OIII]=H) = 0:3,
log10([NII]=H) = 0:0, log10([SII]=H) =  0:2, and log10([OI]=H) =  0:6 with dispersions
nearly the same or a little larger than typical errors for emission-line ratios (shown by the
crosses in each panel). While Seyferts (green dots) spread over the areas of the classication
criteria, LINERs make \clumps" in all the BPT diagrams. LINERs in the x2GN sample
(with NUV ux S=N  2, light blue dots in the Figure) also show the same concentrations,
and, moreover, LINER clumps are even seen in the SDSS ETG sample (see, Figure 2.1).
Therefore, this feature of the clumps in the BPT diagrams is a common characteristics of
ETG LINERs. These results suggest that ionized gas regions in ETG LINERs have well-
regulated ionization environment since emission-line spectra depend on many parameters
such as ionization mechanism, physical condition like temperature and density, and chemical
composition.
Figure 3.2 is the WHAN diagram for the x5GN sample with the x2GN sample. Note
that in the WHAN diagram we applied a criterion that both H and [NII] are detected with
S=N  3. On this diagram, LINERs are mainly (60%) classied to retired galaxies (RGs)
while About 40% of LINERs locate in the regions of weak AGN (wAGN) and strong AGN
(sAGN). Almost all semi-active galaxies, which cannot be classied on the BPT diagrams,
are also classied to RGs as already pointed out by Cid Fernandes et al. (2011). Semi-actives
may have same emission-line properties of the LINERs classied to RGs. We call LINERs and
semi-active galaxies at the RG region in the WHAN diagram \weak emission-line galaxies".
These weak emission-line galaxies show red host colors in optical as shown in a diagram
of u   r versus stellar mass and in a diagram of u   r versus r   z of Figure 3.3. Since our
23
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sample is early-type galaxies, quiescent (grey dots) are red sequence galaxies (Bell et al. 2001)
as expected. So-called \blue cloud" galaxies are rare and the distribution of u  r color does
not show bimodality (e.g., Strateva et al. 2001). Almost all the LINERs (red dots) and semi-
actives (orange dots) also trace the red sequence while some LINERs are in the \Green valley"
region between the red sequence and the blue cloud, where SFs, TROs, and Seyferts mainly
occupy. If we identify red sequence galaxies as u  r  2:5, fractions of red sequence galaxies
in LINERs and in semi-actives are 87% and 92%, respectively (Table 3.1). It is worth to
note that LINERs are commonly found in red galaxies (Heckman 1980c), and this seems true
for early-type galaxies in our sample. Average u  r of SFs is the bluest among the activity
types, followed by that of TROs, Seyferts, LINERs, semi-active, and quiescent. This is the
same result of Kewley et al. (2006), and Schawinski et al. (2007a, 2010).
To investigate possible relations of LINER clump on the BPT diagrams to the optical color
or weak emission-line activity, we show the BPT diagrams for the SDSS ETG parent sample
again in Figure 3.4. The top panels are the BPT diagrams same as Figure 2.1 but a plot of
each galaxy is distinguished by u   r optical colors; red dots (2:8  u  r) corresponding to
top red sequence, yellow dots (2:5  u r < 2:8) corresponding to bottom red sequence, green
dots (2:2  u   r < 2:5) corresponding to top green valley, purple dots (1:9  u   r < 2:2)
corresponding to bottom green valley, and blue dots (u   r < 2:9) corresponding to blue
cloud. Note that we use the SDSS ETG parent sample instead of the GALEX-SDSS sample
for statistics. It is clear that the red sequence galaxies also make clumps in the BPT diagrams
like LINEs.
If we divide the sample by the denition of the WHAN diagram, the BPT diagrams for
strong AGN [EW(H)> 6:0 A] , weak AGN [3:0 <EW(H) 6:0 A], and retired galaxy
[EW(H) 3:0 A] are shown in the 2nd top, in the 3rd top, and the bottom panels in
Figure 3.4. The plotting colors also denote u   r host colors. Almost all the RGs, which
is almost red sequence galaxies, distribute in the LINER region and the LINER clumps are
distinct (the bottom panels). The wAGNs also show the LINER clumps (the 3rd top panels)
with with some spreads to the Seyfert region and to the SF region. On the contrary, there is no
LINER clump for sAGNs (the 2rd top panels); red sequence galaxies are still found in sAGNs
but they seem to avoid the position of LINER clumps. Accordingly, it is suggested again
that ionization environment in red sequence RGs seems well-regulated. A little scatter for
red sequence wAGNs may represent other emission-line mechanism related to star formation
or AGN.
Instead of EW(H) we show the BPT diagrams separated by EW([OIII]) in Figure 3.5
since [OIII] emission is often strong in AGNs suggesting ionization by the power-law like
ionization continuum. The top panels shows the diagrams for all the SDSS ETG parent
sample, and the sub-samples of objects with EW([OIII])  3.0 A and those with EW([OIII])<
3.0 A are plotted in the middle and bottom panels, respectively. The limit of EW([OIII]) 
3.0 A is selected for almost all the Seyferts to satisfy it. Dots are colored by their u r colors.
The objects with EW([OIII])< 3:0 A show the LINER clump but also make a sequence
from the clump to the SF region with changing u   r color bluer. While green valley and
blue cloud objects with EW([OIII])  3.0 A mainly distribute in the Seyfert and SF regions,
red sequence objects with EW([OIII])  3.0 A spread over the Seyfert and LINER regions.
LINERs with EW([OIII])  3.0 A are not concentrated to the clump but distribute sparsely
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in the circumstance region of the clump; they seem to be stretched from the Seyfert region
especially in the diagram of [OIII]/H versus [OI]/H.
The threshold of EW([OIII]) = 3.0 A well divides active object into Seyferts and LINERs
similar to the empirical line of Ke06 on [OIII]/H versus [OI]/H. However, LINERs with
EW([OIII])  3.0 A seem to be relevant to Seyferts when the sequence from Seyferts to
LINERs on [OIII]/H versus [OI]/H taken into account. Since this behavior is traced by
the photoionized gas models with decreasing ionization parameter (e.g., Groves et al. 2004b),
it is reasonable to suppose that at least LINERs with EW([OIII])  3.0 A are photoionized
by AGN ionizing continuum. Hereafter, we will pay attention for LINERs with EW([OIII])
 3.0 A as AGN origin LINERs.
3.2 UV Properties of GALEX-SDSS ETG LINERs: NUV-excess
LINERs
Next, we investigate UV properties for our GALEX-SDSS ETG sample and their relation to
emission-line activities. In Figure 3.6 we plot diagrams of u  r color versus stellar mass (left
panel), and NUV   r color versus stellar mass (right panel) for the x5GN sample over the
x2GN sample (light blue dots). A red sequence of ETGs is clearly seen in the both panels
by quiescent galaxies (grey dots). Although the LINERs and the semi-actives also mainly
distribute on the red sequence in u r color versus stellar mass, not a small number of LINERs
and semi-actives show bluer NUV   r colors than the red sequence (right panel). Figure 3.7
shows color-color diagrams of u   r versus r   z and NUV   r versus r   z. Similarly, the
LINERs trace the red sequence in the optical bands, but about half of the LINERs show blue
UV-optical colors. Table 3.2 summarizes numbers of objects with NUV   r colors bluer and
redder than NUV   r = 5 mag, which seems blue NUV   r limit of the red sequence traced
by the quiescents. The fraction of these \NUV-excess LINERs" (i.e., NUV   r < 5 mag.) to
the x5GN LINERs is 54%(=198/367).
Only a small number of the LINERs have blue colors even in optical as shown in the
left panel of Figure 3.8. These optical blue LINERs (e.g., u   r < 2:5 mag.) are also blue
in NUV   r. However, majority of the NUV-excess LINERs are as red as the red sequence
(u   r  2:5 mag.). These results are summarized in Table 3.3. Therefore, most of LINERs
are simply red galaxies in optical but that is not true in UV.
Before accepting these results, we should be careful about the aperture eect. We use the
total magnitude for optical and UV photometry while the classication of the emission-line
activity is done with optical spectra of 300 ber aperture. The NUV-excess LINERs might
have an outer UV disk like extended star forming early-type galaxies as stated in Chapter 1.4.
For this purpose we compare GALEX morphology with SDSS optical morphology of the
x5GN LINER sample (see Appendix F.2 for images). Although a few galaxies are apparently
contamination of disk galaxies which show arm or ring structure in UV images, almost all
the LINERs seem to have spheroidal morphology. Hole like structure in NUV at least larger
than the psf size (5:400) of the GALEX NUV band is not seen in our sample. Accordingly, it
is not the case that NUV is detected only the outer part of the galaxies.
For investigating properties of NUV-excess LINERs, we plot NUV   r colors against
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optical spectroscopic indices of HA and Dn(4000) instead of u   r as shown in the middle
and right panel of Figure 3.8, respectively. HA index is sensitive to recent star formation
 1 Gyr ago since A-type and F-type stars mainly contribute to H absorption. Dn(4000)
can be used as an indicator of stellar age. Note that these spectral indices are not aected
by the aperture mismatch. In both of the middle and right panels, we see again the similar
distribution of LINERs; spectral indices of majority of the NUV-excess LINERs are as large
as those of the red sequence galaxies, thus NUV-excess LINERs cannot be identied only by
the optical observations. It is interesting that almost all the LINERs with HA < 0 A show
NUV excess. It might be suggested that AF-type stars contribute to the NUV ux at least
for these LINERs.
Adding to NUV photometry, GALEX FUV band enables us to study UV upturn feature
in our sample. If Figure 3.9 we plot a diagram of FUV   NUV versus NUV   r for the
x5GFN sample over the x2GFN sample (light blue dots). On this diagram strong UV-upturn
objects are dened by NUV   r > 5:0 mag, FUV   NUV < 0:9 mag, and FUV   r < 6:6
mag (Yi et al. 2011). Note that the original criterion of Yi et al. (2011) for NUV   r
color was NUV   r > 5:4 mag. This threshold NUV   r = 5:4 mag was taken from the
NUV   r color of strong UV-upturn galaxy NGC4552 (M89). We adopt NUV   r > 5:0
since we checked two NGC4552 photometric data of GALEX All-sky Imaging Survey and nd
NUV   modelMag r = 5:04 mag and 5.15 mag (galactic extinction corrected). Adding to
that, almost all the red sequence objects in our sample show NUV   r > 5 (e.g., Figure 3.6).
As a result, the NUV-excess LINERs have similar FUV  NUV colors  0:5 mag while
some of them distribute at FUV  NUV  0:9 mag. The LINERs with NUV   r  5 mag
seem to lie on the sequence of x2GFN sample though the number of sample is too small.
Numbers of objects in each region divided by FUV  NUV = 0:9 mag and NUV   r = 5:0
mag are summarized in Table 3.4 with numbers of the strong UV-upturn objects. Half of the
LINERs with NUV   r  5 distribute in the strong UV-upturn region. It is interesting that
the LINERs and semi-actives spread over the four regions. Given that all the LINERs have
similar ionizing sources, those ionizing source should have no or only little contribution to
the NUV and FUV bands.
3.3 Relation of NUV excess to Emission-line Properties
For further investigation how UV properties aect emission-line properties, we show the
BPT diagrams for the GALEX-SDSS ETGs sample in (Figure 3.10). Note that we plot
x2GN sample instead of x5GN sample for better statistics. In the top panels a plot of each
galaxy is distinguished by NUV   r optical colors; red dots (5:0  NUV   r), yellow dots
(4:0  NUV   r < 5:0), green dots (3:0  NUV   r < 4:0), and blue dots (NUV   r < 3:0).
Similar to Figure 3.4, we divide the sample by the denition of the WHAN diagram: the
BPT diagrams for strong AGN [EW(H)> 6:0 A] , weak AGN [3:0 <EW(H) 6:0 A], and
retired galaxy [EW(H) 3:0 A] are shown in the 2nd top, in the 3rd top, and the bottom
panels in Figure 3.10. The plotting colors also denote NUV   r host colors.
Almost all the non NUV-excess objects (i.e., NUV   r  5 mag) distribute in the LINER
region and the LINER clumps are clearly seen (the top panels). The wAGNs and RGs with
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4:0  NUV   r < 5:0 (yellow dots) also show the LINER clumps (the 3rd top panel and the
bottom panel). Moreover, several RGs with 3:0  NUV   r < 4:0 mag (green dots) are still
seen in the LINER clumps (the bottom panel). Therefore, the LINER clumps contain not
only red NUV   r objects but also NUV-excess objects. This result suggests that NUV   r
excess does not aect emission-line properties of the ETG LINERs.
We also show the BPT diagrams separated by EW([OIII]) instead of EW(H) in Fig-
ure 3.11. The top panels shows the diagrams for all the GALEX-SDSS ETG x2GN sample,
and the sub-samples of objects with EW([OIII])  3:0 A and those with EW([OIII])< 3:0 A
are plotted in the middle and bottom panels, respectively. Dots are colored by their NUV  r
colors. Similar to Figure 3.5 objects with EW([OIII])  3:0 A sparsely distribute from the
Seyfert region to the LINER region (the middle panel) thought a number of sample is small.
This extension region from the Seyfert region the Seyfert region to the LINER region contains
objects with dierent NUV   r colors. Even if we assumed ionization sources of strong [OIII]
emitters (EW([OIII])  3:0 A) are AGN origin, it would be likely that NUV  r colors do not
aect emission-line ratio. The non NUV-excess objects (red points) with EW([OIII])< 3:0 A
show the LINER clump while the LINER clump contains NUV-excess objects (yellow or green
dots) with EW([OIII])< 3:0 A (the bottom panel). This is the same result for subsamples
divided by EW(H) in Figure 3.10.
3.3.1 Characteristics from u  r color and NUV   r color
Figure 3.12 shows the BPT diagrams of x2GN sample divided by subsamples of u   r and
NUV   r colors: the top panel for u   r < 2:5 (non red sequence objects), the second
top panel for u   r  2:5) (red sequence objects), the third top panel for u   r  2:5 and
NUV  r < 5:0 (red sequence objects with NUV excess), and the bottom panel for u r  2:5
and NUV   r  5:0 (red sequence objects without NUV excess). Dots are colored by blue
(SFs), purple (TROs), green (Seyferts), and red (LINERs). The LINER clump is most distinct
for the optical red sequence LINERs without NUV excess (the bottom panel). As shown in the
third panel, even NUV-excess LINERs with optical red sequence color can trace the LINER
clump. Again, NUV   r colors seems to have no or only weak relation to the emission-line
properties.
To test whether there are any direct relations between the UV properties and the the
emission-line properties, we show a diagram of EW(H) versus NUV   r in the middle panel
of Figure 3.13 for the x5GN sample along with the WHAN diagram (the left panel). It is very
clear that EW(H) seems to correlate with NUV   r for SFs, TROs, and Seyferts. Since
EW(H) indicates the ratio of H ux to the continuum ux, this correlation suggests that
uxes of ionizing continuum are related to the NUV uxes for these active objects. On the
other hand such correlation for LINERs is questionable; even LINERs with large NUV   r
excess have systematically small EW(H) thus distributing in the wAGN and RG regions.
Although wAGN or sAGN LINERs [EW(H) > 3] seem to be on the same relation for SFs,
TROs, and Seyferts, RG LINERs [EW(H) < 3] have a large scatter in NUV   r color
then the correlation is not clear. It is notable that not a small number of semi-actives also
show NUV execess, and similar distribution like LINERs can be seen in the EW(H) versus
NUV  r. The right panel show a diagram of EW(H) versus FUV  r. Compared with SFs,
Chap.3 p.28
TROs, and Seyferts, RG LINERs and RG semi-actives show a large scatter in FUV  NUV
color without correlation with EW(H). This scatter seem to be smaller for wAGN LINERs
and wAGN semi-actives.
Figure 3.14 show a plot FUV   NUV versus NUV   r for objects with EW(H) > 3
A (wAGNs and sAGNs) and for those EW(H) < 3 A (RGs). Even for LINERs and semi-
actives, wAGNs and sAGNs show nearly the same distribution on this diagram (the left panel).
On the other hand, RG LINERs and RG semi-actives spread over the diagram. Accordingly,
emission-line properties, or ionizing continua responsible for those, for RG LINERs and RG
semi-actives seem to have no relation with GALEX UV properties. Only LINERs and semi-
actives with EW(H) > 3 A probably show such relation but they are not major population
of entire LINER/semi-active sample.
Finally, we show a diagram of EW([OIII]) versus [NII]/H (hereafter, the WON diagram),
together with diagrams of EW([OIII]) versus NUV   r and EW([OIII]) versus FUV  NUV
in Figure 3.15. Seyfert are strong [OIII] emitter with EW([OIII])>3 A and their EW([OIII])
seems to correlate roughly with NUV   r color (the middle panel). However, the correlation
is very weak with a large scatter compared with EW(H) versus NUV   r. SFs do not show
such correlation at all in this diagram. Thus, it is suggested that the [OIII] ux has a little
relation with the NUV ux for AGN origin ionization source but it is not true for star forming
galaxies.
There are several LINERs with EW([OIII])> 3 A. Although the number is very small
for statistics, they distribute in nearly the same region of Seyferts in the EW([OIII]) versus
NUV   r (the middle panel), and EW([OIII]) versus FUV  NUV (the right panel). Since
these LINERs make a transition sequence from Seyferts seen in the BPT diagrams (Figures 3.5
and 3.11), it is not rejected that LINERs with EW([OIII]) >3 A have an ionizing source of
AGN origin.
However, it should be emphasized that ionizing continuum seems to have no relation with
UV colors for the majority of LINERs, especially for RG LINERs, thus NUV source should
not be an ionizing source. If RG LINERs are ionized by post-AGB stars, they should not
contribute to the NUV excess. One of possible candidates is AF-type stars since their SED
peaks in the GALEX UV bands and they do not radiate in the extra UV band. Considering
their life time of  1 Gyr, recent star formation is suggested even for the RG LINERs. We
will discuss this issue in next chapter.
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Figure 3.2: The WHAN diagram for the GALEX-SDSS x5GN sample. The coloring follows
the emission-line classication in this thesis (blue: SF, purple: TRO, green: Seyfert, red:
LINER, orange: Semi-Active). Background sky blue plots represent the x2GN sample. Each
error bar with the diagnostic coloring shows a sample-average error for each quantity in each
class. The average error in all the classes on this diagram is indicated by black error bar. Note
that the semi-actives with satisfying the S/N criteria of S=N([NII]) > 3 and S=N(H) > 3
are only plotted on this diagram.
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x5GN sample u  r < 2:5 u  r  2:5 class total
Star Forming 172 12 184
TRO 223 99 322
Seyfert 100 58 158
LINER 55 312 367
Semi-Active 178 1934 2112
Quiescent 100 1886 1986
Table 3.1: The object counts in u  r color separation.
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p.37 Sect.3.3
x5GN sample NUV   r < 5:0 NUV   r  5:0 class total
Star Forming 180 4 184
TRO 281 41 322
Seyfert 145 13 158
LINER 198 169 367
Semi-Active 914 1198 2112
Quiescent 206 1780 1986
Table 3.2: The object counts in NUV   r color separation.
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Figure 3.9: FUV   NUV color vs. NUV   r color diagram for the GALEX-SDSS x5GFN
sample. The coloring follows the emission-line classication in this thesis (blue: SF, purple:
TRO, green: Seyfert, red: LINER, orange: Semi-Active, gray: Quiescent). Background sky
blue plots represent the x2GFN sample. Each error bar with the diagnostic coloring shows a
sample-average error for each quantity in each class. The average error in all the classes on
this diagram is indicated by black error bar. The left-side region with NUV   r < 5:0 mag is
the NUV-excess region which suggests a recent star formation. The trapezium-like region in
right bottom is the strong UV-upturn region which was proposed by Yi et al. (2011). Note
that their original criterion of NUV   r > 5:4 mag was altered to NUV   r  5:0 mag. The
upper-right region with NUV   r  5:0 mag and FUV   NUV  0:9 mag is the weak UV
emission region.
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Chapter 4
Discussions
In this chapter, I would like to check a validity of the working hypothesis: The NUV-excess
feature seen in about half of LINERs originates in a NUV radiation from the AF-type stars
which was formed in a recent star formation (RSF). The EUV spectrum (i.e., ionizing con-
tinuum) in LINERs is dominated by an EUV radiation from post-AGB stars.
In Section 4.1, I try to nd a stellar population synthesis model which can successfully
reproduce the UV-optical SEDs. Using the synthesized spectra, photoionization calculations
will be made for discuss whether the post-AGB photoionization model can explains emission-
line ratios of the LINER clump or not in Section 4.2. Finally in Section 4.3, I will show a
toy model in which post-AGB stars irradiate an HI gas disk, for explaining the parameters
derived by photoionization calculations.
4.1 Recent Star Formation in ETG LINERs
As we already show, nearly the half of the LINER sample shows NUV excess and FUV  NUV
colors of LINERs spread widely without relation with NUV  r color while LINERs are mainly
red sequence objects in optical. Further, it seems certain that these UV properties are not
related to the emission line properties. It is a part of our working hypothesis that AF-type
stars formed by recent star formation within  1 Gyr are responsible for the NUV excess.
To explain these properties in UV-optical SEDs of LINERs, we will make model spectra
calculated for certain star formation histories by stellar population synthesis code GALAXEV
(Bruzual & Charlot 2003, hereafter BC03) 1. In addition to BC03, we also employ the 2007
version of GALAXEV code which supplements some stellar templates (Bruzual 2007, hereafter
CB07) 2.
To construct synthesized spectra for recently formed population over old passive popula-
tion, we adopt input parameters for GALEX as follows:
(1) stellar evolutional track: Padova1994 (in BC03) and Padova1994+Marigo2008 (in CB07)
tracks are applied.
1http://www2.iap.fr/users/charlot/bc2003/
2http://www.bruzual.org/ gbruzual/
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(2) initial mass function: The Chabrier IMF is applied (Chabrier 2003). Results for the
Salpeter IMF (Salpeter 1955) and Kroupa IMF (Kroupa 2001) are almost the same.
Therefore, we only show the case of the Chabrier IMF with the initial mass range
0:1M M?  100M.
(3) stellar spectral library/template: The \high resolution" spectra are applied, to be more
precise, a combined spectra of the STELIB and BaSeL 3.1 library. The wavelength
range of the STELIB is 3200    9500 A. The wavelength ranges of the BaSeL 3.1
are 91    3200 A and 9500    1600000 A.
(4) star formation history: The dual star formation history which experience an instan-
taneous starburst at epoch told (old component) and  -model star formation at epoch
tyoung (young component) is assumed 3. The duration time  and tyoung are set to free
parameters. We calculate for tyoung = 1; 2; 3; 4; 5; 6; 7; 8; 9; 10; 11, and 12 Gyr,
and for  is  = 0; 50; 100; 200; 300; 400, and 500 Myr. The told is set to 0 because
we do not require a specic epoch at which galaxies are formed. With respect to an
amplitude of these star formations, we assigned a mass fractions of 1 fyoung and fyoung
to the old and young stellar components (old/young mass fraction) under the xed total
gas mass of 100M. This fyoung is set to a free parameter and we calculate cases for
log10(fyoung) =  1:0;  1:3;  2:0;  2:3;  3:0;  3:3;  4:0;  4:3, and  5:0.
(5) stellar metallicity: We set a metallicity variation and combination to Zold = 0:2Z,
0:4Z, 1:0Z and Zyoung = 1:0Z, 2:5Z.
(6) dust extinction treatment: No dust extinction is assumed. The validity of this assump-
tion is described in Appendix ??.
(7) object redshift: Object redshift is set to z = 0:075, which is the median redshift of our
GALEX-SDSS x5GN sample.
For each parameter set, we calculate model spectra at epochs of t = tage;1 = tyoung+ tage;2,
with tage;2 = 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200, 300,
400, 500, 600, 700, 800, 900, 1000, 1500, 2000, 3000, 4000, 5000, 6000, 7000, 8000, 9000, and
100000 Myr, where tage;1 is time from the original star formation and tage;2 is time from the
recent star formation. Note that calculation can progress to the epochs older than the age of
the Universe. While we show details of results for parameter sets of dierent metallicity in
Appendix ??, in this section we only give the results well for models reproducing the colors
of LINERs. The parameters are as follows:
 Instantaneous starburst +  -model with  = 100 Myr.
 tyoung = 10 Gyr and log10(fyoung) =  2:0.
 Zold = 1:0Z and Zyoung = 1:0Z.
3We call the rst and second star formation as an \original star formation" and \recent star formation",
respectively.
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Both the results of BC03 and CB07 will be shown.
First, we show the diagram u   r versus r   z with the color tracks of the synthesized
spectra (Figure 4.1). Both the tracks of 0  t < tyoung and t  tyoung are shown by the model
curves with color gradation by tage;1 and tage;2, respectively. When the color track jumps in
the diagram we connect with a broken black line. Taking account of that LINERs mainly
distribute in the red sequence in optical, both the color tracks with tage;1 > 1 Gyr and with
tage;2 > 5{7 Gyr explain the optical colors of the LINERs.
When we plot model colors on the diagrams of NUV  r versus r z and NUV  r versus
u   r (Figure 4.2), we nd that the original star formation no longer explains the colors of
the LINERs: NUV   r color is a little redder with respect to optical colors. On the other
hand, the recent star formation with tage;2 > 7 Gyr still well ts with the distribution of
LINERs. The NUV-excess LINERs (NUV  r < 5:0) in the optical red sequence (u r  2:5)
is almost reproduced by the recent star formation. Although the color tracks of the recent
star formation seems a little bluer in optical, smaller young mass fraction or longer  improve
the results. Therefore, this small oset may not be serious. Note that any models with
Zold < 1:0Z cannot explain NUV   r color.
Next, we show the diagram of FUV  NUV versus NUV   r with the synthesized colors
of the recent star formation models in Figure 4.3. The FUV   NUV color for epochs at
tage;2 . 1 107 yr is too blue to t the data plots. Accordingly, young massive stars such as
OB-type stars and Wolf-layet stars cannot explain the FUV  NUV colors of LINERs. On
the other hand, epochs of 3 108 . tage;2 . 1 109 yr well reproduce the color distributions
of LINERs and semi-actives. While NUV   r gets redder in a phase of colors getting redder
in these epochs, FUV  r becomes redder rst then turns to bluer color. The larger fyoung, or
the shorter  , the redder FUV  NUV turn-o can be accomplished. On the contrary, with
small fyoung or long  the FUV   NUV turn-o point shifts to blue; if we choose   300
Myr, this turn-o feature becomes unclear and FUV  NUV color is almost constant while
NUV   r color evolves still redder. Therefore, the evolutional track can be controlled by
fyoung or long  in the epochs of 3 108 . tage;2 . 1 109 yr.
As mentioned in Chapter 3, the LINERs with NUV   r  5 mag as well as semi-actives
and quiescents seem to lie on the sequence of x2GFN sample. The color track of the original
star formation at 5109 . tage;1 . 11010 yr roughly passes through the sequence but there
remains not negligible oset between the model track and the sequence of the data points.
Whereas smaller metallicity of 0:4Z would improve the model prediction, u  r color of the
model would be bluer than the sequence. If one explains the sequence only by the original
star formation, models of tage;1=10 Gyr with changing metallicity from 0:2Z to 2:5Z may
trace the sequence, since generally metal and age are degenerated each other for explaining
colors of galaxies. Behaviors after the FUV   NUV turn-o of the recent star formation
model also explain the sequence with changing  or fyoung.
The color track of the recent star formation model passes through the strong UV-upturn
region if we choose the models with Zold  1:0Z. However, this argument will be examined
in future since the population synthesis code we use does not include all the current knowledge
of hot old stars such as EHB stars, AGB-Manques, and PE-AGB stars. Although population
synthesis code with such UV-upturn candidates has been proposed recently, fraction of those
population and their contribution to UV spectra are only given by ad hoc parameters yet
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(Chung et al. 2011; Conroy et al. 2009, 2010a, 2010b).
For showing time evolution of model colors in detail, we plot the optical color evolution
and the UV color evolution as a function of time in Figure 4.4 and Figure 4.5, respectively.
The turn-o point in FUV  NUV color is clearly seen at  0:7{1 Gyr. This behavior can be
explained as follows; after several hundreds Myr A-type stars star to leave the main sequence
and FUV luminosity suddenly drops, therefore FUV  NUV color gets redder. Then, when
F-type stars leave the main sequence, NUV luminosity also decreases in turn. Consequently,
FUV  NUV color changes bluer since contribution of post-AGB stars to the UV ux becomes
dominant in this phase. The larger fyoung increases contribution of AF-type stars, thus the
redder turn-o point is accomplished. In contrast, longer  decreases contribution of AF-type
stars since the duration of star formation acts as averaging spectra of dierent ages over
the duration time. As already stated, the turn-o point almost disappears for the models
with  > 300 Myr. This is reasonably explained by the duration time nearly the same or
longer than the life time of A-type stars. Therefore, it is suggested that objects with red
FUV   NUV color experienced recent star formation with shorter duration timescale or
larger young mass fraction.
Finally, we would like estimate ionizing spectral properties in extra UV (EUV) region
because one of our scientic goals is to explain the emission-line ratios of LINERs by pho-
toionization calculations. For this purpose, we dene far EUV fraction as
FEUV fraction  log10
 Z 228
91
F() d
Z 912
91
F() d

:
, i.e., ux ratio of photons ionizing heliums to photons ionizing hydrogen. Since emission-
line spectra of LINERs generally require harder ionizing photons than those of star forming
galaxies, this fraction can be an indicator of hardness of ionizing continuum. We calculate
FEUV fraction by adding lters in EUV region to GALAXEV articially (Appendix D.1).
We plot the diagrams of NUV  r versus u r diagram, and FUV  NUV versus NUV  r
with the model color tracks again in Figure 4.6, and 4.7, respectively. In these diagrams,
FEUV fraction is shown by the color gradation of the model track. When the color track
jumps in the diagram we connect with a broken black line. Note that log10(F (feuv)=F (teuv))
in Figures denotes FEUV fraction. At the epochs of 3  108 . tage;2 . 1  109 yr when
the recent star formation model well ts to the color of LINERs, FEUV fraction is almost
constant as FEUV fraction   1:5. Therefore, all the LINERs spread over the diagram of
FUV  NUV versus NUV   r are expected to have similar FEUV fraction if the recent star
formation model is correct.
For detail analysis for e evolution of FEUV fraction we plot FEUV fraction as a function
of time in Figure 4.8. The model spectra after tyoung are also given in the left panels. Note
that the model spectra before tyoung are shown in Appendix B.2. First, we pay attention to
the original star formation phase. EUV ux and UV ux are dominated by OB-type stars
and Wolf-layet stars at tage;1 . 107 yr. Then, at 107 . tage;1 . 108 yr, AF stars start to
dominate in UV instead and FUV ux suddenly drops, and moreover FEUV ux becomes
almost zero ux, since OB stars and Wolf-layet stars disappear. When AF stars leave main
sequence at 108 . tage;1 . 109 yr, young post-AGB stars come to dominate in EUV region.
This phase is young-PNN phase proposed by Taniguchi et al. (2000). FEUV fraction is the
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most hard (FEUV fraction   1) in the era of young-PNN, then gradually changes to be
soften (FEUV fraction   1:5) at 109 . tage;1  1010 yr.
Evolution of FEUV fraction also can be seen in the recent star formation model al-
though contribution of the old stellar population and the duration of recent star formation
weaken FEUV fraction evolution. At 0  tage;2 . 108 yr when the star formation is still
on-going ( = 100 Myr), OB stars and Wolf-layet stars somewhat contribute to EUV and
FEUV fraction, then FEUV fraction changes to slightly softer. The main contributor to
the EUV switches to post-AGB stars at tage;2  5108 yr, and FEUV fraction stays around
 1:5 for a long time. This change of EUV sources at tage;2  5 108 yr is remarkable. Since
the color track predicts 3:0  NUV   r < 5:0 mag at this epoch, emission-line ratios on the
BPT diagrams expect to shift rightward from the SF region. Actually in Figure 3.11, objects
with these NUV  r colors (shown by green and yellow dots) distribute as connecting between
the SF region and the LINER region. Consequently, these objects may be in the transition
phase of ionizing sources. On the other hand objects with these NUV   r > 5 mag (shown
by red dots) concentrate in the LINER clump. It is probably true that ionization source has
been change to post-AGB stars at least for non NUV-excess LINERs belonging to the LINER
clump.
In this section, with using the population synthesis calculations we have shown that
UV colors of LINERs is explained by contribution of AF stars that recently formed within
 1 Gyr. Contrastingly, since the EUV source is already switched to post-AGB stars,
FEUV fraction is almost constant as FEUV fraction   1:5 throughout. It is interest-
ing if this FEUV fraction reproduces emission-line ratios of LINERs, or not. This issue is
examined in next section.
4.2 Stellar Photoionization Models
We already obtained synthesized model spectra consistent with UV-optical SEDs of LINERs.
In this section we perform photoionization model calculations for estimated EUV spectra by
the synthesized model and examine whether emission-line spectra of LINERs are consistently
explained or not.
For this purpose we use Cloudy version 13.02 developed by Ferland et al. (2013). We
adopt simple plane parallel geometry of gas cloud with a hydrogen number density of nH
is log10(nH=cm 3) =  2:0;  1:0; 0:0; 1:0; 2:0, and 3:0. We use the entire model spectra
synthesized by GALAXEV for the incident radiation. Gas metallicity and relative elemental
abundances are xed to the solar values. We change ionization parameter (U) as log10(U) =
 3:0;  3:5, and  4:0, Gas clouds are assumed to be optically thick to the incident ionizing
continuum and stop condition of calculations into the cloud is set to a gas temperature of
T = 3000 K. Each calculation is iterated two times.
Star formation history of the model spectra is the same as shown in the previous section,
e.g., dual star formation episodes with instantaneous star burst (original star formation) and
 -model star formation of  = 100 Myr (recent star formation), and tyoung and fyoung are set
to 10 Gyr and 0.01, respectively.
First, we give how emission-line ratios evolve on the BPT diagram predicted by the pho-
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toionization model in the original star formation phase (i.e., t < tyoung = 10 Gyr). Figure 4.9
and 4.10 are results of BC03 and CB07, respectively, for the case of log10(nH) = 0:0. Results
are the basically same even if we change the hydrogen number density as  1:0 . log10(nH) .
2:0. Photoionization models with log10(nH) = 2:0 are also shown in Figure 4.11 (BC03)
and 4.12 (CB07). For BC03, all the emission-line ratios are largest at tage;1  afew  108.
This epoch is the young-PNN phase and corresponding FEUV fraction is   1:0 (Fig-
ure 4.8). Emission-line ratios of the LINER clump are well explained by the model of
log10(U)   3:5 within the error bars of the data points. For CB07 epoch of the largest
emission-line ratios is seen several hundred Myr later than that for BC03. This emission-line
ratio also well reproduce the LINER clump. The corresponding FEUV fraction is   1:2.
Therefore, FEUV fraction of  1:2 {  1:0 is hard enough for explaining the LINER clump.
At tage;1 & several  109 yr, both the BC03 and CB07 models predict gradually softening
FEUV fraction to  1:5. The emission-line ratios at these epochs are roughly consistent with
the LINER clump but a little underestimate for the [OI]/H ratio.
Next, we investigate the recent star formation epoch at t  tyoung. Figure 4.13 and 4.14
are results of BC03 and CB07, respectively, for the case of log10(nH) = 0:0. Results are the
basically same even if we change the hydrogen number density as  1:0 . log10(nH) . 2:0.
Photoionization models with log10(nH) = 2:0 are also shown in Figure 4.15 (BC03) and 4.16
(CB07). The models at epochs of 0  tage;2 . 3  108 yr (model plots with purple{green
colors) predict emission-line ratios of the SF region. Then, transition from SF to LINER
can be seen at 3  108 . tage;2 . 7  108 yr (model plots with green{yellow colors). This
transition corresponds to the switch of the EUV sources from OB stars and Wolf-layet stars to
post-AGB stars. Since NUV  r color at this epoch is estimated as 3:0  NUV  r < 5:0 mag
(Figure 4.5), objects in this transition phase are expected to show NUV excess. Emission-line
ratios of the models are concentrated into one point on the BPT diagrams at tage;2 & 7 108
yr (model plots with orange{red colors) since FEUV fraction shows no evolution and stays
in constant value. Although the predicted [OI]/H seems underestimate, other emission-line
ratios predicted by the model of log10(U)   3:5 are consistent with those of the LINER
clump.
The underestimate of [OI]/H may be improved by changing the population synthesis
model. Cid Fernandes et al. (2011) compared he ratio between the He I and H I ionizing
photon rates, qHeI=qHI, for several population synthesis codes (their Figure 2). Pegase stellar
library (Fioc & Rocca-Volmerange 1997) at t  10 Gyr predicts about 0.1 dex larger qHeI=qHI
than BC03 and CB07. Therefore, we estimate FEUV fraction   0:9 if we use Pegase
library (see Appendix D.2). Since this FEUV fraction is harder than  1:0 we expect that
Pegase library can reproduce the [OI]/H ratio.
In this section, with photoionization model calculations, we have shown that transition
from SFs to LINERs occurs at 3  108 . tage;2 . 7  108 yr as switching the EUV sources
from OB stars and Wolf-layet stars to post-AGB stars, At tage;2 & 7 108, the emission-line
ratios of the LINER clump naturally explained by the models of log10(U)   3:5. Wide
range of hydrogen number density is acceptable as  1:0 . log10(nH) . 2:0. There still
remains a question why ionization parameter is controlled as log10(U)   3:5. Models for
log10(U)   3:0 would produce Seyfert-like emission-line spectra, whereas [OIII]/H ratio
would be too small for log10(U)   4:0. We will discuss this problem with proposing a toy
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model of UV irradiation by post-AGB stars in next section.
4.3 UV Irradiation Model and Ionization Parameter
In this section we consider how free parameters in photoionization model are explained.
Especially, the ionization parameter should be conned to the particular value of log10(U) 
 3:5. In addition, the hydrogen number density should be settled in 0 . log10(nH) . 2. For
this purpose, we construct a toy model in which post-AGB stars distributing over the galaxy
irradiate an HI gas distribution. Total amount of HI gas is estimated from the HI gas fraction
fHI reported by recent radio surveys such as the GALEX Arecibo SDSS (GASS) survey.
4.3.1 Typical HI gas mass in the LINER sample
Recently, large HI gas surveys have been carried out for the SDSS galaxies. The Arecibo
Legacy Fast ALFA (ALFALFA) survey (Giovanelli et al. 2005) is one example. This ob-
servational campaign blindly surveyed over large sky area  7000 deg2 and was expected to
uniformly detected  30000 extra-galactic HI-line sources. Although this surveyed deeply into
z < 0:06 with median redshift of  9100 km s 1, this observation had a diculty of detecting
relatively gas poor galaxies or distant SDSS galaxies in the local Universe (z . 0:1). Thus,
the GALEX Arecibo SDSS (GASS) survey (Catinella et al. 2010, 2012, 2013) was designed
to eciently measure the HI content of unbiased galaxies in the local Universe. To achieve
this aim, relatively massive (1010 < M? < 1011:5M) SDSS galaxies at 0:025 < z < 0:05
were selected. Regarding the target selection, additionally, these galaxies are restricted to
that have GALEX observation for utilizing the UV photometry. Consequently, this survey
detected  800 massive galaxies with the detection limit of MHI=M?  0:015   0.05 4. By
using a variety of observables such as HI gas fraction, UV photometries and SDSS quantities,
the dependency of HI gas fraction onto some physical quantities. In particular, the survey
team investigated with using stellar mass M?, stellar surface mass density ?, concentration
index R90=R50 and NUV   r color. As a result, HI gas fraction exhibited the most tight
correlation with NUV   r color. Further, HI gas fraction showed better correlation with the
stellar surface mass density than stellar mass. Taking the correlation between NUV   r color
and stellar surface mass density into account, they quantied the HI gas fraction as bivariate
functions of them;
log10

MHI
M

= a log10

?
M kpc 2

+ b (NUV   r) + c
where a =  0:240, b =  0:250 and c = 2:083 for their representative sample (Catinella et al. 2013).
For estimating a typical HI gas content in our LINER sample, we summarize here the me-
dianNUV  r color, median ?, and medianM?, NUV  r = 4:84 mag, log10(?=M kpc 2) 
log10(M?=2R250;z) = 9:314,
5, and M? = 1010:944M. Substituting these values into the gas
4Exactly, the limits were set to fHI = 0:015 for the galaxies with M? > 10
10:5M and MHI = 108:7M for
that with M? < 10
10:5M
5R50;z is the Petrosian half-light radius in z-band.
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fraction relation, we derive a typical HI gas faction of fHI =  1:363, and HI gas content of
MHI = 109:582M. Additionally, for the later discussion, we also present the median eective
radius in z-band of Re;z = 3:85 kpc, with the de Vaucouleurs' prole assumed.
4.3.2 Ionization parameter in a uniform gas distribution
First, we give a rough estimate of the ionization parameter with total HI atoms and total
ionizing photons emitted within the eective radius. Here, we do not assume any specic
geometries in HI gas distribution. The total number of HI atoms is directly calculated from
a typical HI content.
NHI =
MHI
mp
; ! NHI = 4:54 1066:
On the other hand, the total number of ionizing photons can be estimated from the stel-
lar population synthesis models. According to the output les from the GALAXEV, the
normalized luminosity of ionizing photons qHI is expected to be
qHI  1040:90:1 s 1 M 1
at the epoch more than 10 Gyr after the original star formation (i.e. tage;1  10 Gyr).
Assuming that the stellar mass with in Re;z is roughly the same as half of the total stellar
mass, we scale qHI by multiplying half of the stellar mass. Thus, we derive
Q1=2(H)  qHI(R  Re;z)  1040:9 
M?
2
= 5 1050:844 s 1:
Since we expect for ionizing photons to remain within Re;z during their crossing time across
Re;z, the amount of photons that permeate the inter-stellar space should be Q1=2(H)Re;z=c.
Therefore, the ionization parameter is expected to be
log10(U) = log10

Q1=2(H)
NHI
 Re;z
c

  3:4 + log10

Re;z
3:85 kpc

:
Although this is a rough estimate without assuming any particular distribution of HI gas,
it is consistent with our photoionization calculations in the previous section. For estimating
typical gas density we need to assume gas distribution. The simplest assumption is that
HI gas uniformly distribute within Re;z, and then we get the hydrogen number density of
nHI = 6:73 10 1 cm 3, i.e., log10(nHI) =  0:17.
Rearranging the equation for estimating ionization parameter to clarify the dependence
to basic quantities, we get
log10(U) = log10

qHI Re;z mp
10fHI c

/ log10(qHI) + log10(Re;z)  fHI
and nd that the dispersion of ionization parameter can be evaluated as
(log10(U)) =
q
(log10(qHI))2 + (log10(Re;z))2   (fHI)2

p
0:12 + 0:12642 + 0:2922 = 0:33 dex;
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where we consider (log10(qHI)) from GALAXEV outputs which expect 40:8  log10(qHI) 
41:0 dex during the epoch tage;1  10 Gyr, (log10(Re;z)) from the IQR range in Re;z of 2.24
kpc and (fHI) by applying the RMS scatter in fHI tting (Catinella et al. 2013). As a result,
we derive a favorable estimate of log10(U) =  3:4  0:3 dex without any assumption of HI
gas distribution. Note again that we already have a gas density of log10(nHI) =  0:17 if we
assume the uniform gas distribution.
4.3.3 Ionization parameter and EW(H) on a uniform gas disk
Next, we would like to estimate ionization parameter by assuming particular HI gas geometry.
We set here a uniform HI gas disk with vertical thickness 2hHI and radial extent RHI on the
equatorial position of a galaxy. Then, we further set a irradiating UV source (i.e. post-AGB
stars) which distributes over the galaxy with a spherically symmetric density distribution.
We adopt the mass density distribution (r) from Dehnen (1993) and used as a luminosity
density distribution l(r) by assuming a constant mass-to-light ratio throughout the galaxy.
l(r) =
3  
4
Ltot
a
r(r + a)4 
Please note that this luminosity density well reproduces the surface brightness prole of ellip-
tical galaxies (de Vaucouleurs' prole) by integrating along the line-of-sight at each projected
radius on the celestial sphere and setting to  = 3=2:
(R) = 2
Z 1
R
dr l(r)
rp
r2  R2 ;
where (R) represents its surface brightness prole. Assuming the geometry as discribed,
we can formulate the photon number uxes which pass through a small area on the disk at
radius R. If we set the disk on the zx-plane, this ux F (R) can be written as follows (See
Appendix E.1):
F (R) = 2
Z 1
0
dr
Z 2
0
d
Z 
0
d
l(r)
4
r3 sin2  sin
(r2 +R2   2rR cos )3=2
=
Z 1
0
dr
Z 2
0
d
l(r)

r3 sin2 
(r2 +R2   2rR cos )3=2
If we consider a thickness of the disk, we should modify the above formulation slightly. In
other words, we should simply formulate the inverse square ux from a luminosity density at
~r. We can also formulate this irradiation in the same way as Sarzi et al. (2010);
F (R) = 2
Z 1
0
dr
Z 2
0
d
Z 
0
d
l(r)
4
r2 sin 
r2 +R2   2rR cos 
=
Z 1
0
dr
Z 2
0
d
l(r)
2
r2 sin 
r2 +R2   2rR cos 
We compare these two irradiation models and try to explain ionization parameter and hydro-
gen number density. If we further assume that ionized gas completely reprocesses its receiving
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ionizing photons as emission-line luminosities such as H, we expect that EW / F (R)=(R)
and get EW prole.
For numerically calculating the toy model, we actually adopt parameters as follows: (1)
 = 3=2, a = Re=1:276 6 and Re = 3:8 kpc, so that distribution of post-AGB stars follows the
de Vaucouleurs' prole, (2) Ltot = Q(H) = 1051:944 s 1, so that qHI is scaled by total stellar
mass of galaxy, and (3) hHI = 300 pc, RHI = 4:0 kpc and MHI = 109:582 M, which designate
the disk geometry and total amount of HI gas.
We show the ionization parameter and area-averaged ionization parameter proles in Fig-
ure 4.17 and Figure 4.18, respectively. As a result, we get log10(U(R = 2kpc))   4:5,
log10(Uave( 2kpc))   4:0 and nHI  5:12 cm 3. We nd that the ionization parameter
within the SDSS ber aperture is too small to explain  3:5 while hydrogen number den-
sity derived is settled in a favorable value. In addition, we also show the EW prole in
Figure 4.19. We can see a dierent behavior in each EW prole predicted by our formula
and that by Sarzi et al. (2010). They observationally showed that nearby ellipticals have
extended ionized gas and found that EW proles of such nebulae are nearly constant across
galactic scale, strongly suggesting that the ionizing source also distributes across the same
scale. In this regard, our model successfully explains this observational property while the
model of Sarzi et al. (2010) does not. Therefore, our model suggests that the EW prole can
be interpreted by this kind of UV irradiation.
4.3.4 Ionization parameter and EW(H) on a exponential gas disk
Finally, we would like to estimate ionization parameter by assuming that HI gas follows an ex-
ponential radial prole. For calculating this model, we introduce the HI eective radius Re;HI
and HI cut-o radius Rcut;HI. The other arguments are almost the same as for the uniform
gas disk except that EW prole should be altered to EW / F (R) exp( R=Re)=(R).
For numerically calculating the toy model above, we actually adopt parameters as follows:
(1)  = 3=2, a = Re=1:276 and Re = 3:8 kpc, so that distribution of post-AGB stars follows
the de Vaucouleurs' prole, (2) Ltot = Q(H) = 1051:944 s 1, so that qHI is scaled by total
stellar mass of galaxy, and (3) hHI = 300 pc, Re;HI = 4:0 kpc, Rcut;HI = 20:0 kpc and
MHI = 109:582 M, which designate the disk prole and total amount of HI gas. We show
the ionization parameter and area-averaged ionization parameter proles in Figure 4.20 and
Figure 4.21, respectively. As a result, we get log10(U(R = 2kpc))   4:0, log10(Uave(
2kpc))   3:5, nHI = 2:60 cm 3 at R = 0 kpc and nHI = 0:94 cm 3 at R = Re;HI. We nd
that the ionization parameter within the SDSS ber aperture gives a consistent explanation for
the photoionization calculations. Hydrogen number density derived is settled in a favorable
value. Regarding the EW prole, we nd nearly constant proles in rather central region
in both formulae although these proles quickly decrease in the outer region (Figure 4.22).
Therefore, at least within a scale of the eective radius, we can consistently explain ionization
parameter, hydrogen number density, and EW prole by this model.
It should be noted that the area-averaged ionization parameter discussed in this section
is not exactly the same as the real ionization parameter that determines the emission-line
6See Appendix E.2 for the derivation of a = Re=1:276.
p.59 Sect.4.4
ratios on the BPT diagrams. If the ionization parameter has a spatial distribution, emissivity
of each emission line should also have a spatial distribution which is determined by the
ionization parameter, density and metallicity at each radius. Therefore, ionization parameter
should not be area-averaged before dictating the emissivity at each radius. In other words, we
should conduct the area-average operation to the emissivity after calculating the emissivity
at each area. In this regard, however, one should remember that the aim of discussion here is
roughly estimation for the photoionization parameters and exploring plausible explanation.
The estimated area-averaged ionization parameter should be taken as a kind of indicator that
relates to the actual ionization parameter.
4.4 Role of Gas in ETG LINERs: Evolution to Passive Qui-
escent Galaxies
We have shown that HI gas distributed in the galactic scale is a favorable candidate of
origin of the ionized gas in LINERs through the UV irradiation model. Such HI gas may
be related to the recent star formation activity that formed AF-type stars responsible for
the NUV excess. Recent GALEX observations have discovered weak star formation activities
extended to the scale of entire galaxies; e.g., Type-I extended-UV disk (Type-I XUV-disk)
galaxies (Thilker et al. 2007), and extended star forming early-type galaxies (ESF-ETGs,
Salim et al. 2010, Salim et al. 2012). Especially, ESF-ETGs show very faint star formation
activities. Since they were selected by very strict selection criteria for early type galaxies,
ESF-ETGs are quite rare objects. However, if one applied more moderate criteria for ETG
selection, many galaxies would remain for candidates of ESF-ETGs, thus it is suggested
that those faint star formation activities are common phenomena for green-valley galaxies.
Moreover, such candidates for ESF-ETGs also contain galaxies with LINER class activity.
By tting synthesized spectra to HST FUV photometry and SDSS optical photometry of
extended star formation region, Fang et al. (2012) found that ESF-ETGs experienced dual
star formation history GALEX of old star formation and young ( 2 Gyr ago)  -model star
formation with  = 1 Gyr. This result is consistent with star formation history for LINERs
we showed. Therefore, it is reasonable to suppose that an ETG LINER has gas distributed
entire the galaxy.
Give such gas is common in ETG LINERs, how long does star formation activity con-
sume it? From recent HI gas survey (GASS survey) and molecular gas survey (CO Legacy
Database for the GASS Survey, COLD GASS survey), derived star formation eciency and
gas depletion time revealed that it takes 109:5{109:5 yr to consume the gas in ETGs by de-
tected weak star formation (Schiminovich et al. 2010; Saintonge et al. 2012). This timescale
is a little longer than the duration of the NUV excess. If this consumption rate were true
for our sample, much more RG LINERs without NUV excess would be expected. Alter-
natively, dissipation of gas by internal or external processes such bar instability and minor
merger is probable. Once the gas disappears by such dissipation, an ETG LINER evolves to
a weak emission-line galaxy and eventually to a quiescent galaxy. Actually, ESF-ETGs show
remarkable UV morphologies; disks with small holes or regular wide rings. Since selection
for ESF-ETGs adopted a criterion of weak emission lines, it is likely that they are evolved
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counterparts of ETG LINERs in our sample. Accordingly, LINERs in our sample are in sys-
tematically earlier epochs than passive and quiescent galaxies, because not a small number
of them exhibit NUV excess yet. The detection rate of NUV-excess in x5GN LINERs is 54
% (198/367), and that in x5GN semi-actives is 43 % (914/2112). This indicates that time
scale of gas dissipation is the almost same as duration of NUV-excess phase, say  500 Myr
for transition of NUV   r color from 3 to 5. LINER activity seems a transient phenomenon
arising at the nal phase of recent weak star formation episode.
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Figure 4.2: Left panels: The color-color tracks in NUV   r color vs. u   r color diagrams.
Right panels: The color-color tracks in NUV   r color vs. r   z color diagrams. Top panels:
The GALAXEV 2003 model. Bottom panels: The GALAXEV 2007 model. The coloring of
tracks follows the ages from star formation (tage;1, tage;2). Black dashed segments in the track
show a discontinuity from recent star formation. Synthesis parameters are as follows: Track
= \Padova1994" (+Marigo et al. 2008), IMF = Chabrier (2003), SFHold = Instantaneous
starburst, SFHyoung =  -model with  = 100 Myr, young mass fraction log10(fyoung) =  2:0,
epoch of second star formation tyoung = 10 Gyr, Zold = 1:0Z; Zyoung = 1:0Z, no dust
treatment, redshift of z = 0:075. Background plots represent the GALEX-SDSS x5GN and
x2GN samples.
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Chapter 5
Conclusion
We investigated origin of Low-Ionization Emission-line Regions (LINERs) in early-type galax-
ies (ETGs) in this thesis. While LINERs have been often considered as a low luminous popu-
lation of active galactic nuclei (AGN), a photoionization model by of post-AGB stars in ETGs
has been remarkably studied in recent years. Although this model has successfully explained
emission-line properties of LINERs, there have still been left some diculties to be resolved:
the possible contributions of weak UV sources to ionizing spectrum have to be considered
in the photoionization model, and the consistent explanation for dierence between LINERs
and passive quiescent galaxies is required.
For this purpose, we constructed magnitude-limited ETG sample of 36,425 galaxies drawn
from the Sloan Digital Sky Survey (SDSS) Data Release 7 (DR7) in redshift range of 0:05 <
z < 0:1 and magnitude limit of r < 16:8. Then, by cross-matching with the Galaxy Evolution
Explorer (GALEX ) General Release 6 (GR6) catalog we obtained sample of 5,129 ETGs with
GALEX UV photometry. These ETGs were further classied into six emission-line classes,
star forming galaxies, transition region objects, Seyferts, LINERs, semi-active galaxies, and
quiescent galaxies, by applying new classication logics in the emission-line diagnostic dia-
gram. Using this sample, we investigated properties of the optically red LINERs which exhibit
a clump in the diagnostic diagram (\LINER clump").
The main results are as follows: (1) about 54 % of LINERs show near UV excess (NUV
excess) feature from the color-mass and color-color diagrams, (2) LINERs, including the NUV-
excess LINERs, distribute ubiquitously in the FUV  NUV versus NUV  r diagram, i.e., in
the NUV-excess region, the weak UV emission region and the strong UV-upturn region, (3) no
correlation between the NUV excess and emission-line ratios for LINERs in the emission-line
diagnostic diagrams indicates that the NUV excess does not aect the line ratios, at least in
the LINERs, and (4) EW(H) shows weak or no correlation with NUV  r (i.e., NUV excess)
in most of LINERs. Thus, it is also suggested that the NUV excess in LINERs does not aect
the line luminosity either.
These main results are interpreted by the stellar photoionization model below. First,
we tried to explain the NUV excess in LINERs by the stellar population synthesis model
in which we assume dual star formation histories: exponentially-declining ( = 100 Myr)
recent star formation over old stellar system formed by an instantaneous starburst 10 Gyr
83
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before the recent star formation. A model with recent stellar mass fraction of 1% favors
the UV and optical colors of LINERs and well explains results (1) and (2). This model
shows that the NUV-excess LINERs are in fading phase of the recent star formation, because
epochs of 3 108 { 7 108 yr after the recent star formation well reproduce the actual color
distributions of LINERs. According to this model, their NUV and extra UV (EUV) sources
(i.e., photoionization sources) at these epochs are interpreted as AF-type stars and post-AGB
stars, respectively. This interpretation also explains the result (4) well. Furthermore, these
EUV spectra are hard enough to reproduce the emission-line ratios of LINERs.
Second, we further examined the line ratios by photoionization calculation with the synthe-
sized spectra reproducing the UV-optical spectral energy distribution (SED) of LINERs. As a
consequence, it is found that the ionizing source of LINERs is already changed from young hot
stars to post-AGB stars: this transition occurs during the epoch of 3 108  7 108 yr after
the recent star formation. Once this transition completed, the emission-line ratios converge
into the LINER clump in the diagnostic diagrams, and thus photoionization in this epoch is
driven solely by post-AGB stars. This is consistent with the result (3) since post-AGB stars
do not contribute to NUV. We derived the ionization parameter of log10(U)   3:5, hydro-
gen number density of  1:0 . log10(nH=cm 3) . 2:0 and gas phase metallicity of Zgas = Z,
as parameters which reproduce emission-line ratios of the LINER clumps. Among these pa-
rameters, emission-line ratios are most sensitive to the ionization parameter. Therefore, the
ionization parameter should be controlled in narrow range.
For explaining the parameters, we nally constructed the UV irradiation model which
assumes that the post-AGB stars following the density prole in Dehnen (1993) irradiates an
HI gas distributing entire the galaxy. As a result, given the HI fraction to the total stellar mass
from radio surveys and ionizing photon rates from the stellar population synthesis model, this
irradiation model successfully predicts the ionization parameter averaged within the SDSS
ber aperture as log10(U)   3:5 and the density of log10(nH=cm 3)  0.
Consequently, we got a new LINER picture where the LINER activity is a transient
phenomenon which emerges in the end phase of the recent star formation with transition of
NUV and EUV sources. It is still unclear how long LINER activity continues. Dissipation of
gas may be a key for this problem. If a gas dissipation occurs within the lifetime of AF-type
stars, LINERs will evolve to the passive quiescent galaxies via the semi-active galaxies (i.e.,
weak emission-line galaxies) with NUV excess. On the other hands, if the gas dissipation
occurs after the death of AF-type stars, LINERs will evolve directly to passive quiescent
galaxies. Further deep spectroscopic surveys for emission lines in semi-active galaxies and
quiescent galaxies are expected to clarify the evolutional scenario of LINERs.
Appendix A
Classication Logics in the BPT
Diagrams
In this appendix, we will show a comparison of our emission-line classication result with
that by Schawinski et al. (2007a, Sc07).
A.1 Comparison between the Previous and New Logics
In the previous work by Sc07, they pointed out that some fraction of TROs are possibly
miss-classied into LINERs. Given that our scientic interest is to investigate the LIENRs,
we can not neglect this problem. Therefore, we tried to modify the classication logics in the
BPT diagrams and found new logics which resolve this problem. The new logic was presented
in Section 2.4. Here, we will show the classication results together.
The classication result by the previous logic was showed in Figure A.1. We can see not
negligible fraction of TROs are distributing in LINER region. These TROs clearly show the
characteristics of LINERs. On the other hand, our classication result by the new logic was
showed in Figure A.2. In these panels, we can see such TROs are classied into LINERs and
recognize a huge clump in LINER region (\LINER clump").
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Appendix B
The Simple Stellar Population
In this appendix, we will show some characteristic features of the simple stellar population.
In this thesis, the term, the simple stellar population, means the stellar population that is
formed in the instantaneous starburst.
B.1 The Settings
In the GALAXEV code, one should chose or input (1)stellar evolutional track, (2)initial mass
function, (3)stellar spectral library, (4)star formation history, (5)stellar metallicity, (6)dust
extinction treatment and (7)object redshift into the code for synthesizing a model spectrum of
galaxy. Thus, we will explain these settings which we actually used in subsequent description.
Our input parameters are as follows:
(1) stellar evolutional track:
Padova1994 (in BC03) and Padova1994+Marigo2008 (in CB07) tracks are applied.
Marigo et al. (2007, 2008) results in (1) redder optical to NIR colors by the TP-AGB
stars, (2) softer far-extra UV spectrum.
(2) initial mass function:
Chabrier IMF is applied. The Salpeter IMF and Kroupa IMF 1 result in almost the
same uxes. Therefore, I only show the case of the Chabrier IMF. In this regard, the
stellar mass range is between mL = 0:1M and mU = 100M.
(3) stellar spectral library/template:
The `high resolution' spectra are applied, to be more precise, a combined spectra of
the STELIB and BaSeL 3.1. The STELIB range is 3200    9500 Aand its median
resolving power is = = 2000 ( = 3 A). The Lick absorption indices are output
in this mode but this spectrum isn't used for photoionization model. The BaSeL 3.1
ranges are 91    3200 A and 9500    1600000 Aand its median resolving power
is = = 300. The model uxes used for the photoionization models in this thesis are
from this library.
1The Kroupa IMF is only available in the CB07.
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(4) star formation history:
The instantaneous starburst is assumed. In this case, the star formation rate is supplied
in the form of delta function (t), which is normalized to a gas mass of 1M.
(5) stellar metallicity:
I'll show the all cases of metallicity variation from Zstellar = 0:005Z to Zstellar = 2:5Z.
There are six variations in metallicity (See the details for Bruzual and Charlot 2003).
(6) dust extinction treatment:
I assume no dust extinction. Schawinski et al. (2007a) reported in their literature
that SF class has about E(B   V )  0:1 and TRO, Seyfert, LINER class has about
E(B   V )  0:05 (their gure 11). I applied the extinction corrections as follows
(Schlegel et al. 1998; Cardelli et al. 1989; Wyder et al. 2007):
{ (Au; Ag; Ar; Ai; Az) = (5:155; 3:793; 2:751; 2:086; 1:479) E(B   V );
{ AFUV = 8:24  E(B   V );
{ ANUV = 8:24  E(B   V )  0:67  E(B   V )2;
Given the above values, a reddening would be at most E(NUV   r)  0:27 for a
E(B   V )  0:05 LINER case. This is comparable to the ux 5 error and seems not
to bias seriously.
(7) object redshift:
I set a object redshift to z = 0:075, which is about median redshift of my GALEX-SDSS
cross-matched ETG sample. I'll show a redshifted spectra in my plots. Please note,
however, the FEUV fraction parameter and photoionization models are calculated by
rest-frame spectra.
The output ages tage;1 are as follows: 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 30, 40, 50, 60, 70, 80,
90, 100, 150, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1500, 2000, 3000, 4000, 5000, 6000,
7000, 8000, 9000, 100000, 137000 Myr from the burst.
B.2 The Model SEDs
We will show the model spectral energy distribution in the following pages.
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Figure B.1: Model SED transition after original star formation. Top panels: GALAXEV 2003
model. Bottom panels: GALAXEV 2007 model. The coloring follows the ages from
star formation (tage;1). The black colored SEDs indicate the ages at tage;1 =1, 10, 100,
1000, 10000, 100000 Myr, respectively. Synthesis parameters are as follows: Track =
\Padova1994" (+Marigo et al. 2008), IMF = Chabrier (2003), SFHold = Instantaneous star-
burst, Zold = 0:005Z (Left panels, m22 model), Zold = 0:02Z (Right panels, m32 model),
no dust treatment, redshift of z = 0:075. Each tage;1 are as follows: 1 (black), 2, 3, 4, 5, 6,
7, 8, 9, 10 (black), 15, 20, 30, 40, 50, 60, 70, 80, 90, 100 (black), 150, 200, 300, 400, 500,
600, 700, 800, 900, 1000 (black), 1500, 2000, 3000, 4000, 5000, 6000, 7000, 8000, 9000, 100000
(black), 137000 Myr.
Chap.B p.92
106  
107  
108  
109  
1010  
A
g
e
 fro
m
 1
st b
u
rst [yr]
 10−5
 10−4
 10−3
 10−2
 10−1
 100
 101
 102
 103
102 103 104
S
p
e
ct
ra
l E
n
e
rg
y 
D
is
tr
ib
u
tio
n
 λ
F
λ(
λ)
 [
L
⊙
 M
⊙
−
1
]
Wavelength [Å]
bc2003_hr_m42_chab_ssp (z=0.075)
106  
107  
108  
109  
1010  
A
g
e
 fro
m
 1
st b
u
rst [yr]
 10−5
 10−4
 10−3
 10−2
 10−1
 100
 101
 102
 103
102 103 104
S
p
e
ct
ra
l E
n
e
rg
y 
D
is
tr
ib
u
tio
n
 λ
F
λ(
λ)
 [
L
⊙
 M
⊙
−
1
]
Wavelength [Å]
cb2007_hr_m42_chab_ssp (z=0.075)
106  
107  
108  
109  
1010  
A
g
e
 fro
m
 1
st b
u
rst [yr]
 10−5
 10−4
 10−3
 10−2
 10−1
 100
 101
 102
 103
102 103 104
S
p
e
ct
ra
l E
n
e
rg
y 
D
is
tr
ib
u
tio
n
 λ
F
λ(
λ)
 [
L
⊙
 M
⊙
−
1
]
Wavelength [Å]
bc2003_hr_m52_chab_ssp (z=0.075)
106  
107  
108  
109  
1010  
A
g
e
 fro
m
 1
st b
u
rst [yr]
 10−5
 10−4
 10−3
 10−2
 10−1
 100
 101
 102
 103
102 103 104
S
p
e
ct
ra
l E
n
e
rg
y 
D
is
tr
ib
u
tio
n
 λ
F
λ(
λ)
 [
L
⊙
 M
⊙
−
1
]
Wavelength [Å]
cb2007_hr_m52_chab_ssp (z=0.075)
Figure B.2: Model SED transition after original star formation. Top panels: GALAXEV 2003
model. Bottom panels: GALAXEV 2007 model. The coloring follows the ages from star
formation (tage;1). The black colored SEDs indicate the ages at tage;1 =1, 10, 100, 1000,
10000, 100000 Myr, respectively. Synthesis parameters are as follows: Track = \Padova1994"
(+Marigo et al. 2008), IMF = Chabrier (2003), SFHold = Instantaneous starburst, Zold =
0:2Z (Left panels, m42 model), Zold = 0:4Z (Right panels, m52 model), no dust treatment,
redshift of z = 0:075. Each tage;1 are as follows: 1 (black), 2, 3, 4, 5, 6, 7, 8, 9, 10 (black), 15,
20, 30, 40, 50, 60, 70, 80, 90, 100 (black), 150, 200, 300, 400, 500, 600, 700, 800, 900, 1000
(black), 1500, 2000, 3000, 4000, 5000, 6000, 7000, 8000, 9000, 100000 (black), 137000 Myr.
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Figure B.3: Model SED transition after original star formation. Top panels: GALAXEV 2003
model. Bottom panels: GALAXEV 2007 model. The coloring follows the ages from star
formation (tage;1). The black colored SEDs indicate the ages at tage;1 =1, 10, 100, 1000,
10000, 100000 Myr, respectively. Synthesis parameters are as follows: Track = \Padova1994"
(+Marigo et al. 2008), IMF = Chabrier (2003), SFHold = Instantaneous starburst, Zold =
1:0Z (Left panels, m62 model), Zold = 2:5Z (Right panels, m72 model), no dust treatment,
redshift of z = 0:075. Each tage;1 are as follows: 1 (black), 2, 3, 4, 5, 6, 7, 8, 9, 10 (black), 15,
20, 30, 40, 50, 60, 70, 80, 90, 100 (black), 150, 200, 300, 400, 500, 600, 700, 800, 900, 1000
(black), 1500, 2000, 3000, 4000, 5000, 6000, 7000, 8000, 9000, 100000 (black), 137000 Myr.

Appendix C
The Composite Stellar Population
In this appendix, we will add the model uxes, color transition and color-color tracks in three
metallicity sets.
C.1 The Model Variation
In particular, metallicity combinations are (Zold, Zyoung)=(0:2Z, 1:0Z), (0:4Z, 1:0Z),
(1:0Z, 2:5Z). These variations are selected as a complementary explanation against the
(Zold, Zyoung)=(1:0Z, 1:0Z) model. We will show the model spectral energy distribution
in the following pages.
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Figure C.18: The color track with age tage coloring. Upper panels: GALAXEV 2003. Lower
panels: GALAXEV 2007. Left: NUV   r vs. u   r diagram. Right: NUV   r vs.
r   z diagram. Synthesis parameters: Track=Padova1994(+Marigo2008), IMF=Chabrier,
SFHold=Instantaneous, SFHyoung=100 Myr  -model, Zold = 1:0Z + Zyoung = 2:5Z, No
dust, z = 0:075, each tage from 2nd star formation.
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Appendix D
The Photometric Indicator of
Extra-UV Hardness
In this appendix, we will show two kinds of formulae about the extra-UV (EUV) hardness
and the relation between FUV  NUV color and UV power-law slopes.
D.1 The Extra-UV Hardness
We will derive the following formula in this section:
log10

F (feuv)
F (teuv)

=  0:4(FEUV   TEUV )  0:439
log10

F (neuv)
F (teuv)

=  0:4(NEUV   TEUV )  0:478
where denition of each terminology is:
 Total Extra-UV (teuv): 91    912 A,
F (teuv)  F (91    912 A): the energy ux in this wavelength range,
TEUV : the apparent AB magnitude of the virtual Total Extra-UV lter.
 Far Extra-UV (feuv): 91    228 A,
F (feuv)  F (91    228 A): the energy ux in this wavelength range,
FEUV : the apparent AB magnitude of the virtual Far Extra-UV lter.
 Near Extra-UV (neuv): 228    912 A,
F (neuv)  F (228    912 A): the energy ux in this wavelength range,
NEUV : the apparent AB magnitude of the virtual Near Extra-UV lter.
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D.1.1 The AB magnitude system
Following the denition of the AB magnitude system(Oke & Gunn. 1983), apparent magnitude
of a given lter X is dened as
mX =  2:5 log10
Z 1
0
RX()f()
d

Z 1
0
RX()g()
d


;
where RX() is a response function of a lter X and g() is a reference spectrum of the
magnitude zero point, which depends on magnitude system. In this derivation concerning
about the AB system, we should set gAB () = 3631 Jy = 3631  10 23 erg s 1 cm 2 Hz 1.
Therefore we get
mX =  2:5 log10
Z 1
0
RX()f()
d

Z 1
0
RX()
d


  48:59993
If we write the log term as log10(fX ), we get a familiar form
mX =  2:5 log10(fX )  48:60; f [erg s 1 cm 2 Hz 1]:
When we transform this -space formula to -space argument, we should note the following
transformations.
 = c; ! d

=  d

;
Q()d = Q()d; ! f() = f(); gAB () = gAB ();
RX()! RX();
where Q and Q represent some -specic and -specic quantities dened in each space.
Therefore we get a formula in -space by substituting these relations to the -space formula.
mX =  2:5 log10
Z 1
0
RX()f()d
Z 1
0
RX()
d


  48:60:
D.1.2 The derivation
If we choose a virtual response function with a  dependence of RX() /  1 (0    1),
we get
mX =  2:5 log10

F (0    1)

1
0
  1
1

  48:60:
Therefore, if we choose three kinds of virtual lters above, we get
mF  mT =  2:5 log10

F (feuv)
F (teuv)

  2:5 log10(1:4981);
mN  mT =  2:5 log10

F (neuv)
F (teuv)

  2:5 log10(3:0073);
p.123 Sect.D.2
where note that the notations in LHS correspond to FEUV  TEUV and NEUV   TEUV .
Finally, if we re-arrange above equations by solving for the rst term in RHS, we get
Hardness fraction : log10

F (feuv)
F (teuv)

=  0:4(FEUV   TEUV )  0:439
Softness fraction : log10

F (neuv)
F (teuv)

=  0:4(NEUV   TEUV )  0:478
Actually, we used RX() = 0:5(=0) 1, 0 = 91 A as a virtual response functions.
D.1.3 The Pegase Library vs. BaSeL Library
Following the Cid Fernandes et al. (2011), a dierence between the hardness of Pegase and
BaSeL 3.1 libraries is around 0.1 in qHeI=qHI ratio at 10 Gyr epoch. In this section, we will
show that the FEUV fraction of Pegase library would equal to  0:88 when considering that
the FEUV fraction of BaSeL library is around  1:5 at this epoch. Let's assume the following
from the gure 2 of Cid Fernandes et al. (2011):
qHeI
qHI

P
= 0:1 +

qHeI
qHI

B
; q PHI  q BHI ;
where P and B denote the Pegase and BaSeL libraries respectively. Therefore, this is simply
rewrite as
q PHeI  0:1 q BHI + q BHeI :
From the denition of the FEUV fraction, we get
FEUV fraction P  log10
Z
HeI
q PHeI h d
Z
HI
q PHI h d

 log10

0:1 +
Z
HeI
q BHeI h d
Z
HI
q BHI h d

 log10
 
0:1 + 10 1:5

=  0:88:
This value is larger than that of BaSeL 3.1 library at the young-PNN phase in which the
hardness is able to reproduce the LINER clump.
D.2 The Relation between FUV  NUV Color and UV Power-
Law Slope
In this section, we will show a relation between FUV  NUV color and UV power-law slopes:
   2:25 (FUV  NUV );   2:25 (FUV  NUV )  2:0:
In this regard, however, please note that this derivation is only a approximation.
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D.2.1 The UV power-law slope  and 
We think the power-law form of
f() / ; ! log10(f()) /  log10() and f() / :
Thus, we can get the  if we know two sets of (F ; f(F )) and (N ; f(N )).
 =
log10(f(F ))  log10(f(N ))
log10(F )  log10(N )
  0:4 (FUV  NUV )
log10(N=F )
where we used a approximation in the second equation, in which we evaluated two magnitudes
of FUV and NUV at the eective wavelength of each lter. Here, we should note that the
FUV and NUV magnitudes follow the AB system that is dened in -space.
D.2.2 The relation to the GALEX FUV  NUV color
In the case of the GALEX satellite (Morrissey et al. 2007), the eective wavelength of each
lter is
e;FUV = 1538:6 A; e;NUV = 2315:7 A:
Therefore, we get
   2:25 (FUV  NUV ):
When we transform this  to the UV -slope, we use the relation
f = f; ! +1 / +1; !  =    2;
and get
  2:25 (FUV  NUV )  2:0:
D.2.3 The typical values
In this thesis, we are particularly interested in the NUV-excess early-type galaxies. These
early-type galaxies show typically FUV  NUV  0:5 mag. In this case, if we assume that
the spectrum can be approximated by the power-law form, these slopes are expected to be
   1:13 and    0:874:
If we want to know the FUV  NUV color which corresponds to that the UV spectrum
becomes at in the   f() space, we should set  = 0 and get
FUV  NUV  0:89 mag:
Appendix E
The Toy Model: How Old Stars
Irradiate a Gas Disk?
In this appendix, we will describe the toy model in Chapter 4.3 that post-AGB stars in an
elliptical galaxy with an HI gas disk in the equator. For simplicity, we assume a galaxy
of which density distribution is in spherical symmetry, and the projected mass density can
reproduce the surface brightness prole in de Vaucouleurs' law.
E.1 Radial Flux Distribution Irradiating the Disk
Following Sarzi et al. (2010), We consider a situation that a light source with luminosity
density of l(~r) at a given position of ~r=(x,y,z) illuminates a small area of dA at ~R on the
surface of the HI disk in the equator. Note that l(~r) represents a quantity emitted to all the
solid angle per unit volume and per unit time. In this calculation we place the axisymmetric
disk in the zx-plane, thus we set the position of dA to ~R=(0, 0, R). A normal vector ~n to the
disk surface is (0; 1; 0) in order to calculate the inward ux passing through the dA from
the region of y > 0 as a positive value. We also introduce the spherical coordinate (r, , ),
where x = r cos  cos , y = r cos  sin, and z = r sin .
We dene a vector from the light source to the small area as
~X  ~R  ~r = ( x; y;R  z);
and we get its size as that
j ~Xj2 = r2 +R2   2rR cos 
by applying the cosine rule to the triangle dened by ~r and ~R.
Consider the relation between a ux dF (R) passing through the dA and an intensity dI(~r)
emitted from a unit volume of dV with a given luminosity density l(~r) at ~r, we get,
dF (R)dAdt = dI(~r)d
dt
where d
 is a solid angle of dA seen from the light source, and,
d
 =
 
~X
j ~Xj3  ~n
!
dA:
125
Chap.E p.126
Since
dI(~r) =
l(~r)
4
dV;
and
~n  ~X = y = r cos  sin;
dF (R) can de derived as
dF (R) =
l(~r)
4
dV
r sin  sin
(r2 +R2   2rR cos )3=2 ;
where dV = r2 sin drdd. Note that this formulation is dierent form Sarzi et al. (2010).
They adopted
dF (R) =
l(~r)
4
dV
1
r2 +R2   2rR cos ;
because they assumed a simple inverse-square law (dF / j ~Xj 2) and neglect the cosine factor
of ( ~X  ~n=j ~Xj).
Finally, by integrating the dF (R) with respect to r,  and , we get the total ux F (R)
as follows:
F (R) = 2
Z 1
0
dr
Z 
0
d
Z 
0
d
l(r)
4
r3 sin2  sin
(r2 +R2   2rR cos )3=2
=
Z 1
0
dr
Z 
0
d
l(r)

r3 sin2 
(r2 +R2   2rR cos )3=2
with assuming spherical symmetric luminosity density of l(~r) = l(r) Note that we integrated
only the range 0     and double it.
In addition, we can also get the total ux in the case of Sarzi et al. (2010) as follows:
F (R) =
Z 1
0
dr
Z 
0
d
l(r)
2
r2 sin 
r2 +R2   2rR cos 
=
Z 1
0
dr
l(r)
2
r
R
ln

r +R
r  R
2
; (r 6= R):
E.2 Mass Density Distribution and Surface Brightness Prole
Actual calculation of F (R) requires the distribution of the luminosity density l(r), or mass
density prole (r) when assuming that the M=L ratio is constant throughout the galaxy.
We adopt the mass density prole derived by Dehnen (1993),
(r) =
3  
4
Ltot
a
r(r + a)4 
;
where  and a are parameters related to shape and size, respectively.
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According to the appendix in Dehnen (1993), a surface brightness prole (R) of the
galaxy can be written
(R) = 2
Z 1
R
dr l(r)
rp
r2  R2
=
3  
a2
Ltot
(1 + s)
7
2
  
Z 1
0
dt
(s+ t2)1  (1  t2)2p
2s+ (1  s)t2 ;
where s  R=a, and
t 
r
r
r + a
(s+ 1)  s:
Dehnen (1993) reported that when one set  = 3=2, this surface brightness prole repro-
duce the de Vaucouleurs' prole very well. Thus, we set  = 3=2 and conducted numerical
calculations in this thesis.
Next, we will describe how to dictate a from the eective radius in the de Vaucouleurs'
prole since the parameter a is related to the size of the galaxy. The eective radius Re is
dened as
1
Ltot
Z Re
0
dR 2R (R) =
1
2
:
When we substitute the (R) into above denition, we getZ Re
0
dR 2R
3  
a2
1
(1 + s)
7
2
 
Z 1
0
dt
(s+ t2)1  (1  t2)2p
2s+ (1  s)t2 =
1
2
:
Thus, we should solve numerically the following equation for se to get the relation between a
and Re: Z se
0
ds
2s(3  )
(1 + s)
7
2
 
Z 1
0
dt
(s+ t2)1  (1  t2)2p
2s+ (1  s)t2 =
1
2
:
From this relation we can specify a in the form of a = Re=se. In the case of our numerical
calculation, we get a = Re=1:277.
E.3 Exponential Gas Disk
The prole of exponential gas disk is simply written as
nH(R) = nH(0) exp

  R
Re

where Re is the eective radius and nH(0) is the normalization factor which is written as
nH(0) =
nHI;tot
4R2e h

Rin
Re
+ 1

exp

 Rin
Re

 

Rcut
Re
+ 1

exp

 Rcut
Re
 1
:
Here, the normalization is considered in a range Rin  R  Rcut with a xed total number of
HI atoms nHI;tot. We set Rin = 0 kpc and Rcut = 20 kpc. We checked in the normalization
Chap.E p.128
case of Rin =0, 0.1 and 1.0 kpc, and found that there were almost no changes in gas density
nor the ionization parameter. Therefore, the Rin makes no dierences in any results. We also
checked in the normalization case of Rcut =10, 20 and 50 kpc, and found, however, that there
were slight changes in the Rcut = 10 kpc case.
The area-average operation to the ionization parameter U is
Uave(< R)  1
(R2   0:12)
Z R
0:1
dR0 2R0U(R0)
where R = 0:1 kpc is the inner most radius which we set here.
Appendix F
SDSS and GALEX Images
In this appendix, we will show the SDSS and GALEX images.
F.1 Figure Caption
We can get the SDSS gri composite image from the Quick Look Tools in the SDSS web page.
The GALEX images, on the other hand, it is required for us to calculate pixel indices and
cut-out targets. Thus, we got the full images of one eld-of-view in the MIS mode from the
GALEX web page and cut-out.
The left image is the SDSS gri composite image. The middle and right images are the
GALEX NUV and FUV images, respectively. The green colored ellipses in GALEX images
are the Kron photometric apertures.
The numbers above images are SDSS plate, SDSS mjd, SDSS fiberid and GALEX
photometric objID, respectively. The images with red colored IDs are the GALEX-SDSS
x2GN sample. Additionally, the SDSS ETG parent sample that is included in the GALEX
MIS eld-of-view but did not detected or have some artifact ags were also displayed together.
These galaxies have black colored IDs.
F.2 The Figures
The images are shown in the following pages.
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Chap.F p.130
0267 51608 260 2411539199496816090 0267 51608 510 2411679936985178207 0268 51633 232 0000000000000000000
0271 51883 265 2412242886938598326 0271 51883 337 2412102149450246414 0272 51941 437 2931775325200190898
0272 51941 563 2834877564469642217 0273 51957 064 2929840184735310236 0273 51957 544 2412453993171131107
0274 51913 216 2929805000365312040 0274 51913 218 2929805000364270990 0274 51913 434 2412559546287394738
0274 51913 581 2929734631621140077 0276 51909 225 2412770652519926724 0277 51908 507 2412911390008281724
0278 51900 184 2947291633292422737 0280 51612 126 2929417972271294768 0280 51612 490 2413298418101265095
0280 51612 494 2413298418100221912 0281 51614 316 0000000000000000000 0284 51943 293 2414494686752286759
0285 51930 245 2413720630566332220 0287 52023 375 2413826183682593742 0292 51609 145 2413931736798861961
0294 51986 217 2414037289913031892 0301 51942 629 0000000000000000000 0302 51688 135 2934414153106850714
0303 51615 343 2936067818597130161 0303 51615 502 2936032634225035695 0303 51615 572 2936032634225042325
Figure F.1: The LINER images.
p.131 Sect.F.2
0305 51613 033 2936103002969212579 0305 51613 291 2936138187341303250 0307 51663 535 2414318764891836041
0309 51994 349 2933921571899705536 0311 51665 227 2934097493760154802 0312 51689 229 2938917752736320380
0312 51689 303 2938882568364233048 0312 51689 471 0000000000000000000 0313 51673 356 3764378306310313323
0313 51673 394 3764378306310314517 0329 52056 419 2414494686752280428 0330 52370 306 0000000000000000000
0334 51993 041 2414740977354805440 0334 51993 176 2414635424240635760 0337 51997 608 2414881714845258449
0338 51694 635 0000000000000000000 0341 51690 010 2415409480426589293 0341 51690 138 2415409480426590065
0351 51780 091 2415902061635839772 0351 51780 220 2415937246007926441 0353 51703 239 2416113167868366628
0353 51703 482 2416113167868372793 0363 51989 597 3767087502961151694 0371 52078 182 2470332285255160499
0371 52078 256 2470367469629352991 0373 51788 509 2470578575861879864 0373 51788 616 2470578575861884149
0376 52143 016 2471563738280363039 0378 52146 532 2471880397629163388 0379 51789 111 2473287772512722254
Figure F.2: The LINER images, continued.
Chap.F p.132
0379 51789 401 2472021135117521342 0380 51792 615 0000000000000000000 0384 51821 510 2911825786227926793
0387 51791 355 2907603661577267103 0390 51900 013 2417344620891482980 0391 51782 025 2917455285762136803
0391 51782 190 2916646045204097050 0391 51782 239 2916646045204098630 0392 51793 018 2919284873110751301
0392 51793 347 2915168301576359786 0393 51794 212 2919320057482847634 0393 51794 553 2915309039064722477
0394 51913 462 2918757107529423450 0394 51913 473 2918827476273604020 0394 51913 588 2918721923157332186
0395 51783 560 2918686738785239725 0397 51794 471 2919073766878219631 0397 51794 519 0000000000000000000
0398 51789 193 2919144135622396000 0406 51869 025 3780140905008207822 0406 51869 268 3779894614401488709
0407 51820 090 2417661280240278055 0414 51901 296 3786755566960905300 0414 51901 310 0000000000000000000
0414 51901 414 3786720382586721120 0420 51871 383 2418189045821607200 0421 51821 254 2418329783309961445
0422 51811 199 0000000000000000000 0422 51811 247 3778627977008383911 0422 51811 557 2418435336426231954
Figure F.3: The LINER images, continued.
p.133 Sect.F.2
0423 51821 231 3778663161378382547 0423 51821 423 2418470520798320351 0427 51900 273 2418751995775027019
0427 51900 359 2419314945728449746 0427 51900 610 2418822364517109311 0429 51820 093 2419209392610086221
0429 51820 385 2419103839495919736 0430 51877 052 2418751995772929383 0430 51877 572 2419279761356359152
0431 51877 148 3792983200818530676 0432 51884 152 3876581268901596750 0432 51884 480 3876581268901599597
0433 51873 438 0000000000000000000 0436 51883 429 3794003547609110684 0436 51883 523 2419666789449341101
0436 51883 598 0000000000000000000 0440 51885 092 2420124186286494304 0441 51868 271 2420264923774847643
0442 51882 134 2420405661263204515 0442 51882 197 2420405661263208672 0442 51882 286 2420018633170231193
0446 51899 291 2420546398751560675 0446 51899 619 2420827873726176191 0447 51877 376 2421038979960810751
0448 51900 134 2421285270565425032 0450 51908 127 0000000000000000000 0450 51908 363 2424487048424469951
0454 51908 357 2422059326749279632 0455 51909 529 2422235248611821550 0458 51929 318 2422692645448977735
Figure F.4: The LINER images, continued.
Chap.F p.134
0461 51910 153 0000000000000000000 0461 51910 412 0000000000000000000 0464 51908 143 2423783360981634319
0465 51910 565 2423924098472090173 0467 51901 119 2942682480549827461 0469 51913 208 2424029651587314387
0471 51924 036 0000000000000000000 0471 51924 345 2928292072364453171 0471 51924 554 2927764306784161216
0476 52314 152 2925829166319279413 0476 52314 329 2928116150505053514 0480 51989 261 2411398462006365049
0483 51924 372 0000000000000000000 0487 51943 243 2425049998376830826 0489 51930 556 2425155551495203276
0492 51955 153 3814973433374056502 0492 51955 221 0000000000000000000 0493 51957 093 2425718501446528125
0493 51957 362 2425612948332360317 0494 51915 473 3821306620350040263 0494 51915 527 2425788870192794678
0494 51915 578 2425788870192792933 0495 51988 075 2425929607679055949 0500 51994 232 0000000000000000000
0501 52235 099 0000000000000000000 0503 51999 092 2412348440054861724 0503 51999 613 2426527742004563281
0504 52316 272 2834877564469648004 0506 52022 152 2426633295121888732 0506 52022 467 2426598110750841129
Figure F.5: The LINER images, continued.
p.135 Sect.F.2
0507 52353 154 2835088670702178791 0507 52353 204 0000000000000000000 0511 52636 076 2858275171908722645
0511 52636 117 2858275171908722165 0512 51992 289 2929382787900252072 0512 51992 360 2930649425295446637
0515 52051 101 2426844401355459374 0517 52024 104 2427055507587994533 0523 52026 373 2427266613820530147
0523 52026 500 2427336982564711547 0523 52026 571 2427301798190519964 0528 52022 027 2427618457541416901
0528 52022 392 2427653641913508414 0528 52022 576 2427583273169330298 0529 52025 368 2427759195029778832
0533 51994 098 2414178027403486152 0533 51994 191 2937967774689927550 0533 51994 416 2428111038750659640
0533 51994 514 2428146223122752210 0534 51997 505 2428216591866931833 0534 51997 538 2428181407493796201
0534 51997 541 2428181407494835083 0537 52027 509 2428392513727367831 0544 52201 527 3794214653841641756
0545 52202 003 3846252340161025878 0545 52202 163 2836073833120663277 0545 52202 166 2836073833118567480
0545 52202 394 2836073833120667809 0546 52205 186 3794918341283420431 0546 52205 273 2419737158193517879
Figure F.6: The LINER images, continued.
Chap.F p.136
0548 51986 447 2420229739402757065 0551 51993 482 2421074164330795504 0552 51992 585 2429096201169144067
0553 51999 446 2429096201169144191 0556 51991 628 3802447796910428891 0559 52316 549 2836707151816168553
0565 52225 508 2925547691342569221 0566 52238 364 2926884697479848985 0568 52254 534 2837234917399596723
0569 52264 348 2837270101771687783 0569 52264 524 2837305286143777288 0571 52286 016 2926919881852989216
0571 52286 163 2926814328737762097 0572 52289 625 2837833051724067407 0574 52355 309 0000000000000000000
0575 52319 396 2931634587713932879 0576 52325 469 2930966084642148319 0578 52339 380 0000000000000000000
0579 52338 424 2928643916086386600 0580 52368 038 2928890206691006751 0580 52368 097 2930227212828280612
0580 52368 288 2930121659712019508 0580 52368 423 2928819837944731865 0581 52356 207 2928995759807275790
0582 52045 338 2935399315526398435 0583 52055 333 2935328946783261014 0584 52049 241 2428075854378576272
0585 52027 421 2429518413634212152 0585 52027 565 2429694335493618799 0586 52023 333 2429694335494660977
Figure F.7: The LINER images, continued.
p.137 Sect.F.2
0586 52023 422 2429870257355099438 0586 52023 576 2429799888609881416 0587 52026 517 2430046179215549894
0587 52026 544 2430010994843456473 0587 52026 558 2430010994843453890 0588 52045 480 2430151732331807366
0589 52055 296 2935540053015796322 0590 52057 310 2938530724643341903 0590 52057 439 2938530724643346087
0591 52022 379 2430433207308522387 0591 52022 412 2430433207308522264 0592 52025 405 2933428990688366691
0592 52025 486 0000000000000000000 0597 52059 490 2431101710378215001 0598 52316 425 3858144657927051784
0598 52316 446 2425472210843995735 0618 52049 538 2432333163399223698 0622 52054 399 3773737349285940160
0622 52054 416 3773737349285938402 0622 52054 481 2432579454003849559 0622 52054 488 2432579454005945385
0622 52054 551 2432544269633855093 0623 52051 061 0000000000000000000 0623 52051 500 2432685007122204912
0625 52145 173 2468924910373713059 0625 52145 232 2468854541629523195 0625 52145 441 2468784172885351926
0628 52083 064 2432931297726831270 0630 52050 010 2433564616424434351 0630 52050 177 0000000000000000000
Figure F.8: The LINER images, continued.
Chap.F p.138
0637 52174 470 2434022013261585743 0639 52146 486 2434162750749935119 0640 52178 463 3843930171603158950
0640 52178 517 3843930171603158706 0644 52173 447 3886925474295716065 0646 52523 198 2434655331959182040
0646 52523 224 2434655331959179242 0646 52523 280 2434655331959180873 0646 52523 306 0000000000000000000
0646 52523 318 2434690516331278112 0648 52559 116 2858802937490051897 0648 52559 187 2858802937490050935
0649 52201 031 2434866438191715901 0649 52201 392 2434796069447536846 0650 52143 017 2434971991307982062
0651 52141 152 2435042360052157569 0652 52138 582 2435147913168430097 0653 52145 306 0000000000000000000
0654 52146 446 2435323835028871983 0655 52162 396 2435499756889314183 0656 52148 631 3778592792636297646
0660 52177 618 2435781231866025240 0663 52145 639 0000000000000000000 0664 52174 507 2436203444331086998
0664 52174 589 2436203444331089377 0664 52174 592 2436203444331087311 0665 52168 140 2436484919307804757
0665 52168 388 2436238628703177406 0665 52168 601 0000000000000000000 0666 52149 418 2436520103679887602
Figure F.9: The LINER images, continued.
p.139 Sect.F.2
0666 52149 502 2436414550561529158 0667 52163 309 2436660841168243434 0667 52163 359 2436660841168251329
0668 52162 437 2436836763028694348 0716 52203 516 2470895235210678311 0716 52203 593 2470895235210679072
0719 52203 638 2471950766373346012 0720 52206 372 0000000000000000000 0720 52206 487 2471950766373343083
0722 52224 285 2473956275582408883 0723 52201 021 2473745169348834072 0724 52254 468 2473604431861516444
0725 52258 635 2473498878745255731 0731 52460 439 2468256407304020331 0735 52519 442 3884110724528608792
0736 52221 076 2470156363396809466 0737 52518 443 2858978859350496908 0739 52520 351 3884462568249497505
0748 52233 069 2472865560047653973 0749 52226 564 2472232241350051865 0753 52233 470 2472126688233790892
0756 52577 634 3713572073016137071 0757 52238 282 3846006049556398921 0757 52238 488 3794179469469549267
0758 52253 356 3794320206957907257 0758 52253 479 3794425760074178277 0759 52254 276 3794531313190442578
0759 52254 418 3846393077649376031 0760 52264 389 3846604183881916879 0761 52266 079 3796114609934440006
Figure F.10: The LINER images, continued.
Chap.F p.140
0761 52266 153 3796009056818169588 0761 52266 310 3795340553748486970 0761 52266 312 0000000000000000000
0761 52266 315 3795340553748487379 0762 52232 191 3796501638027416430 0768 52281 361 2841140382701463924
0768 52281 481 2841140382701459973 0770 52282 539 2425085182751022935 0771 52370 341 2425085182751022995
0771 52370 561 2841281120187720810 0780 52370 587 0000000000000000000 0816 52379 283 3776552099053053511
0818 52395 309 3777889105194520488 0827 52312 484 3796079425562348029 0829 52296 336 0000000000000000000
0854 52373 221 2427724010656645610 0856 52339 562 2847086541584472192 0859 52317 144 3713783179248665071
0859 52317 351 0000000000000000000 0860 52319 572 3713853547992843335 0873 52674 491 3805508837282160034
0873 52674 499 3805508837282157387 0874 52338 308 0000000000000000000 0879 52365 023 3814093824071833264
0888 52339 162 2849901291351583355 0888 52339 451 3845900496440137512 0893 52589 550 3795551659981020343
0894 52615 192 3795903503701909235 0898 52606 213 3797838644166792342 0909 52379 535 0000000000000000000
Figure F.11: The LINER images, continued.
p.141 Sect.F.2
0917 52400 637 2414248396147656974 0919 52409 127 2851343850607218689 0919 52409 501 2851308666235133636
0920 52411 121 2851449403723487509 0921 52380 160 2851519772467664695 0922 52426 048 2851695694328107033
0923 52404 624 2851730878700196068 0925 52411 407 3766559737379816541 0925 52411 533 3766981949844886556
0931 52619 629 3714522051062531778 0954 52405 454 0000000000000000000 0960 52425 498 2853947494139695936
0973 52426 577 3886186602481851874 0976 52413 083 0000000000000000000 0977 52410 407 2467834194838947961
0982 52466 234 3843613512254360473 0983 52443 032 0000000000000000000 0983 52443 477 0000000000000000000
0986 52443 030 2937510377852773265 0987 52523 533 2905949996089085902 0988 52520 316 2906442577298327031
0989 52468 060 2470121179024730277 0999 52636 031 2946236102130800135 1000 52643 004 2929980922223659356
1002 52646 031 0000000000000000000 1002 52646 037 0000000000000000000 1002 52646 141 2946834236454209480
1012 52649 582 3811877208630240490 1012 52649 586 3812158683606943836 1013 52707 112 3812545711699924891
Figure F.12: The LINER images, continued.
Chap.F p.142
1015 52734 263 0000000000000000000 1048 52736 102 3759452494217873243 1053 52468 538 3768635615333057758
1056 52764 412 3774687327332342701 1056 52764 509 3774687327332341174 1059 52618 033 2847227279072830275
1060 52636 316 0000000000000000000 1170 52756 276 3773807718030119814 1176 52791 637 0000000000000000000
1177 52824 015 3781337173659225934 1178 52825 215 3781337173659224460 1178 52825 256 3781266804915048943
1184 52641 278 2869498986605055164 1186 52646 105 0000000000000000000 1190 52670 163 2926779144364633262
1190 52670 510 2925442138226297542 1192 52649 440 2925406953854210949 1192 52649 555 2925371769480024226
1192 52649 639 2925336585110030656 1193 52652 299 2927658753667896923 1194 52703 494 2925195847621679968
1195 52724 516 2870026752186393985 1208 52672 235 3715014632271780358 1208 52672 302 3715014632271780187
1208 52672 475 3714486866690443845 1265 52705 498 3715331291618481614 1266 52709 202 3715401660364751823
1268 52933 632 3715612766597286865 1269 52937 059 0000000000000000000 1269 52937 083 3715612766597285756
Figure F.13: The LINER images, continued.
p.143 Sect.F.2
1271 52974 332 3796994219236656785 1281 52753 363 0000000000000000000 1281 52753 367 2873791479999899756
1281 52753 369 0000000000000000000 1299 52972 043 2926427300644789254 1299 52972 389 2942858402410275273
1299 52972 472 2884206054136086901 1301 52976 223 2884417160368623815 1309 52762 411 3813108661653345813
1309 52762 504 3813108661653344809 1310 53033 321 3813108661653347257 1318 52781 572 2876184017299839065
1337 52767 440 3775813227241279940 1341 52786 477 3777994658310784856 1342 52793 070 2878013604648453062
1363 53053 533 3810364280630412557 1455 53089 365 2873650742511536909 1582 52939 490 3793546150771954843
1587 52964 172 3716738666504133260 1588 52965 303 3716773850876217831 1588 52965 314 3716773850876219793
1588 52965 563 3716879403990385761 1588 52965 601 3716879403992483929 1590 52974 157 3717090510225017779
1617 53112 364 0000000000000000000 1618 53116 326 2929136497295628623 1679 53149 064 0000000000000000000
1679 53149 119 3767439346682037323 1681 53172 467 3770641124542120472 1683 53436 587 2867563846138077652
Figure F.14: The LINER images, continued.
Chap.F p.144
1706 53442 522 3751852669846689656 1711 53535 540 3756708113194946972 1711 53535 597 3756989588173759570
1712 53531 030 3757904381845970036 1714 53521 058 3758889544264452319 1717 53883 167 3760859869103533179
1717 53883 229 3760472841010547434 1726 53137 237 3769867068358264713 1740 53050 247 3716492375899510347
1756 53080 409 3717653460178443734 1760 53086 450 3717899750783065938 1779 53089 492 0000000000000000000
1781 53297 408 3794988710027597458 1782 53383 416 3795657213097285624 1782 53383 482 0000000000000000000
1784 54425 394 3796536822399504623 1812 53795 509 3755652582032287124 1812 53795 635 3755652582032281917
1813 53903 523 3756602560078679380 1815 53884 057 2932197537666314982 1815 53884 453 3759980259801306620
1815 53884 486 3760367287893243805 1815 53884 518 3760367287894287881 1816 53919 239 3761246897196500577
1816 53919 496 3761246897196503969 1817 53851 450 3762372797101252752 1824 53491 234 0000000000000000000
1824 53491 235 2933041962597489715 1824 53491 314 2933077146968535519 1825 53504 183 2935328946783264039
Figure F.15: The LINER images, continued.
p.145 Sect.F.2
1827 53531 523 0000000000000000000 1828 53504 076 2935153024922813973 1828 53504 303 2932936409481220884
1832 54259 099 2430292469820169702 1832 54259 469 2935082656178640236 1837 53494 494 3717970119527240444
1865 53312 013 3792912832074356067 1870 53383 468 3793897994492843923 1872 53386 213 3795023894399684398
1877 54464 301 3847554161928310960 1920 53314 201 3718110857014554065 1926 53317 214 3718427516362298034
1927 53321 619 3718497885108572708 1929 53349 188 3718638622596927208 1931 53358 056 0000000000000000000
1933 53381 264 3719060835061998095 1973 53432 118 0000000000000000000 1973 53432 620 3806881027793625489
2025 53431 505 3808253218305088190 2082 53358 320 3718321963248124996 2124 53770 227 3749706423149273711
2140 53858 396 3756321085101974072 2140 53858 496 3756321085101972695 2140 53858 504 3757059956915839102
2144 53770 235 3757728459985525244 2144 53770 236 3757728459985525666 2144 53770 274 3757728459985522905
2202 53566 244 0000000000000000000 2202 53566 365 3720010813108395326 2266 53679 499 3794073916353287716
Figure F.16: The LINER images, continued.
Chap.F p.146
2268 53682 459 3720257103713018336 2270 53714 432 3720292288085103241 2273 53709 046 0000000000000000000
2273 53709 088 0000000000000000000 2276 53712 326 3720784869294350090 2279 53708 088 3721031159898971289
2282 53683 102 3721277450503594338 2282 53683 506 3721171897387327035 2283 53729 034 3721312634874638313
2283 53729 063 0000000000000000000 2422 54096 580 3720608947433903049 2423 54149 587 3795833134957727672
2532 54589 222 3717442353943811280 2572 54056 149 3717723828920520582 2884 54526 066 2468819357257442091
2884 54526 142 2468819357257443445 2884 54526 183 2468819357257441536 2884 54526 190 2468819357256399034
2884 54526 467 2432755375866384208 2953 54560 135 3764835703147469481 2953 54560 416 2935645606132061745
Figure F.17: The LINER images, continued.
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